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Abstract

To generate a very low emittance electron beam in a 3-GHz radiofrequency gun, the photocathode has to be driven

by a powerful 10-ps light pulse with a rise time of less than 1 ps: This target pulse can be generated from a

subpicosecond laser pulse by inserting an appropriate shaping device. We discuss a programmable 4f grating-lens-

shaper configured so as to transform a 100-fs pulse emitted by a Ti:Sa laser into a rectangular pulse with a fast rise time.

We analyze the sensitivity of the system to perturbations of the optical-component alignment and input-signal

characteristics. We then briefly discuss the acousto-optic programmable dispersive filter shaping system.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

X-ultraviolet (X-UV) free-electron lasers (FELs)
[1–3], Compton scattering [4], and the new
generation of linear colliders [5] require a low-
emittance (a few p mm mrad) electron beam.
Numerical calculations for the SPARC [1] (sor-
gente pulsata e amplificata di radiazione coerente)
FEL experiment have shown that the e-beam
should have an emittance of E1 p mm mrad [6].
Hence, a radiofrequency (RF) electron gun with a
photocathode driven by a powerful 10-ps rectan-
gular light pulse with a fraction of 1 ps rise time
has to be implemented. Experimental tests re-
onding author.
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ported in Ref. [7] showed that the e-beam
emittance depends on the temporal laser pulse
characteristics and that its minimum is reached
with a rectangular pulse. A pulse with a rectan-
gular profile is produced by using a shaping system
to manipulate a subpicosecond Gaussian-like laser
pulse. The schematic of a laser system for
photoelectron generation, incorporating a so-
called 4f setup as shaper, is shown in Fig. 1. In
the scheme, we have chosen to place the shaper
between the oscillator and the amplifiers. A
continuous-wave Ti:Sa oscillator generating 100-
fs pulses with a frequency of 73:9 MHz is proposed
for the SPARC project.

The technology for manipulating sub-picose-
cond pulses in order to generate ultrafast pulses
according to user specifications has already been
d.
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Fig. 1. System layout with the pulse shaper insertion.
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developed [8–11]. Pulse-shaping systems have had
a strong impact as experimental tools because they
provide unprecedented control over ultrafast laser
waveforms for ultrafast spectroscopy, nonlinear
fiberoptics, and high-energy field physics. We
exploit this technology in order to stretch a short
pulse into a long pulse with a rectangular shape
and a very short rise time.

The principle of pulse shaping is based on the
spectral and amplitude modulation of the pulse
spectral components. The shaping systems pro-
posed so far with fair success are [9] (i) the liquid
crystal programmable spatial light modulator
(LCP-SLM); (ii) the acoustic-optic modulator
programmable spatial light modulator (AOM-
PSLM) [12]; (iii) the acousto-optic programmable
dispersive filter (AOPDF) [10,11] and (iv) movable
mirrors (MMs) and deformable mirrors (DMs) [9].
The LCP-SLM, used in the majority of experi-
ments, and the first choice for our project, is dealt
with in detail in this paper. The AOPDF,
interesting for its simple insertion and configura-
tion and programmed for testing in our experi-
ment, is only briefly discussed. The two shapers are
based on different physics processes and, thus,
different technologies. The design parameters of
the LCP-SLM are discussed in view of the system
sensitivity to perturbations of the optical-compo-
nent alignment and input-signal characteristics.
2. General considerations on pulse shaping

The field of a light pulse has, in the time and
frequency domains, respectively, the expressions

E�ðtÞ ¼ EðtÞeio0t ðEðtÞ ¼
ffiffiffiffiffiffiffiffi
IðtÞ

p
eþifðtÞÞ ð1Þ
EðoÞ ¼
ffiffiffiffiffiffiffiffiffi
IðoÞ

p
e�iFðoÞ: ð2Þ

Pulse shaping is a linear filtering process. In the
time domain the filter action of the shaper is
represented by an impulse response function hðtÞ; in
the frequency domain the filter action is repre-
sented by the Fourier transform HðoÞ of hðtÞ: The
output waveform eoutðtÞ is the convolution of the
input waveform einðtÞ and the impulse response
function hðtÞ

eoutðtÞ ¼ hðtÞ � einðtÞ: ð3Þ

In the frequency domain we can write

EoutðoÞ ¼ HðoÞEinðoÞ: ð4Þ

In general, HðoÞ is a function of the type

HðoÞ ¼ TðoÞe�icðoÞ: ð5Þ

Therefore, the output will be

EoutðoÞ ¼ TðoÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
IinðoÞ

p
e�i½cðoÞþFinðoÞ�: ð6Þ

Appropriate amplitude TðoÞ and phase cðoÞ
modulations can lead to any kind of output signal.
However, when the demand is limited to the
temporal intensity profile only, as in the case of
RF guns, a phase-only modulation can be applied.
In fact, the time domain intensity (and amplitude)
is specified, but the temporal phases are free.
Phase-only modulation is particularly suitable for
operation with very powerful light pulses. In fact,
a very powerful pulse is obtained by high
amplification, which is accomplished by the
sequence of pulse stretching, amplification and,
finally, compression [8]. The stretching must be
long enough (thus the need for a large spectrum)
to avoid strong non-linearities and optics damage.
Indeed, photoelectron generation in RF guns
requires a huge energy per pulse to obtain the
typical nano-Coulomb charge per pulse.

2.1. Linear phase modulation for squaring a

Gaussian-like signal

To provide some insight into the problem, let us
consider the significant case of linear spectral
modulation (i.e., the AOPDF system)

tðoÞ ¼
dFðoÞ
do

¼ bo ð7Þ
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where tðoÞ is the frequency-dependent time delay.
In the above assumption the phase function is

FðoÞ ¼
Z o

0

bo do ¼
1

2
bo2: ð8Þ

The output signal, given by the backward-Fourier
transform, has the expression

EoutðtÞ ¼
1

2p

Z
bandwidth

ffiffiffiffiffiffiffiffiffiffiffiffi
IinðoÞ

p
e�iðb=2Þo2

eiot do: ð9Þ

The spectral bandwidth of 30 rad=ps around the
central frequency is considered in the calculations
(Fig. 2). The spectral components within that
region cover more than 70% of the pulse energy. A
simple linear time delay curve over the whole
frequency domain leads to an output pulse with
too long a rise time (1b in Fig. 2). A stepwise curve
(2a in Fig. 2) leads to fast leading and trailing
Fig. 2. Left frames: The time delay tðoÞ functions (bold lines)

and the section of the Gaussian spectrum (thin curved lines)

used for the calculations. Frame 3a also shows the step

variation at the two sides of the transmission function. Right

frames: Numerical calculated output pulses relative to the

different t curves shown in the left frames. The amplitude

modulation of the transmission function leads to removal of the

overshoots.
edges (as a result of the superposition of many
spectral components in phase), which have, how-
ever, overshoots that are too high. The wider the
flat lateral segments, the faster the rise time, but
also the higher the overshoots. Removal of the
overshoots requires amplitude reduction of the
relative spectral components (3a in Fig. 2). The
output signals are simply obtained by applying the
Fourier transform as written in Eq. (9). The
signals are rather spiky because of the disconti-
nuities both of the phase and of the transmission
functions. We will not deal with the problem
further, because the aim of the calculation here is
mainly tutorial.
3. LCP-SLM system

We now discuss the operating principles of the
system, the computer program developed for the
simulations and the sensitivity of the output pulse
configuration to perturbations of the optical-
component alignment and input-signal character-
istics.

3.1. System operation

The optical components of a 4f setup are two
gratings, two lenses placed at the focal distances,
and a filter mask placed at the centre of the system
(Fig. 1). The system is a zero time-dispersion line.
The physical operations performed by the device
in the filtering process are (a) transformation of
the input signal into a fan of spectral components
by means of a grating; (b) transformation of the
Fig. 3. Input yi and diffracted yd: The mask and the grating are

at a distance f from the lenses. The Gaussian Fourier spectrum

is shown at the mask. The spectral components of the input

light beam are separated by the grating and focused at the mask

by a lens with a beam waist w0:
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component fan into a comb of thin rays with a
spot size w0; by means of a lens (Fig. 3); (c)
modulation, in either amplitude or phase, or in
both, of the spectral components by a modulating
mask; (d) the reverse operation of transforming
the comb rays into a convergent beam by a second
lens and (e) re-combination of the components
into a signal by a second grating. The light
polarization at the grating is perpendicular to the
polarization required by the mask, hence a
waveplate for 90� polarization rotation is inserted
in between. The output pulse profile is given by the
Fourier transform of the pattern transferred by the
mask onto the spectrum.

The mask of an LCP-SLM system is an array of
pixels interleaved with small gaps (Fig. 4). The
mask chosen for the SPARC project is the
Jenoptik model SLM-S 640/12 mask (JENOPTIK
Laser, Optik, System GmbH, Jena, Germany).
The dimensions of the pixels and gaps are,
respectively, 97 and 3 mm wide, and the number
of pixels is 640.

In a first approximation, the spectral dispersion
follows a linear law

xCao: ð10Þ

The frequency o refers to the central frequency o0

of the spectral domain spanned by the signal. The
ITO ground
    plane

liquid
crystalITO

electrodes

100 µm

gap

0

- 10 π

 10 π
rad
ps
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z
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Fig. 4. Schematic of an electronically addressed LCP-SLM. A

thin layer of nematic liquid crystal is sandwiched between two

pieces of glass, whose inside surfaces are coated with a thin,

transparent, conducting film of indium tin oxide patterned as an

array of pixels.
filter function HðoÞ is related to the physical
transmission function of the mask. The field just
behind the mask, with HSLMðxÞ the physical
transmittance of the mask, is given by

Eoutðx;oÞBHSLMðxÞ e�ðx�aoÞ2=w2
0 EinðoÞ: ð11Þ

Note that the field behind mask will generally be
an envelope of many Hermite–Gaussian modes.
However, it is possible to put a mode filter inside
the apparatus that cuts out all the modes but the
lowest TEM00 [13]. The filter function HðoÞ of
Eq. (4) will have the coefficient of that lowest
mode. The filter function, after Eq. (11) and the
above assumption, will be

HðoÞ ¼

ffiffiffiffiffiffiffiffi
2

pw2
0

s Z
mask

HSLMðxÞ e�2ðx�aoÞ2=w2
0 dx:

ð12Þ

The effective filter function is the convolution of
the mask-pattern function with the pulse intensity
profile. As the mask is pixellated, so is the filter
function HSLMðoÞ of the mask. Eq. (3) is changed
into [14]

eoutðtÞD
X

n

h t � n
1

dn

� �
�einðtÞ

" #
sinðpdntÞ
pdnt

: ð13Þ

The spectral width dn is relative to the bandwidth
collected by each pixel of width dxðdn ¼ dx=2paÞ:
Negligibly small interpixel gaps and 2w0odx are
assumed for obtaining expression (13). Pixellation
produces an output pulse, which is the convolution
of the input pulse not only with the desired
impulse response function hðtÞ; but also with a
series of replica impulse response functions, hðt �
ndn�1Þ; occurring at times t ¼ ndn�1: The whole
result is weighted by a temporal window function,
sin cðpdntÞ; which has the first zeros at t ¼ 7dn�1:
However, for our objective, which is to obtain a
rectangular pulse intensity after frequency multi-
plication, we can argue that the lateral replica will
become negligible with respect to the main pulse.

3.2. System configuration

3.2.1. Grating and spatial dispersion

The system configuration is largely determined
by the angular dispersion a of the spectral
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components and is related to the system para-
meters by

a ¼
l20f

d2pc cos½ydðl0Þ�
: ð14Þ
In the above equation, f is the focal length, l the
wavelength, c the speed of light, yd the diffracted
angle of the central frequency (Fig. 3). The
equation comes from the grating law ml ¼
dðsin yi þ sin ydÞ with m ¼ 1: As we want efficient
diffraction into the first order, for good spectral
separation the grating period d should be as small
as possible. The grating presented in brochures as
having 2000 grooves/mm (d ¼ 0:5 mm) can pro-
vide the required dispersion of a few centimeters,
at a distance of about half a meter for a 100-fs
pulse with a carrier wavelength of 800 nm:

The dispersion a remains fixed by the mask
dimension Dx and the spectral bandwidth Do
selected for the system, since a ¼ Dx=Do: With the
selected spectral portion of Do ¼ 30p rad=ps we
get a ¼ 0:68 mm ps=rad: Once a is fixed, Eq. (14)
relates the focal length to the input angle (Fig. 5a).
We looked at the variation in a with yi; (Fig. 5b),
to get a trade-off between the focal length and the
input angle, so as to have a sufficiently low
sensitivity of a to yi perturbations, combined with
reasonable apparatus dimensions (that is a focal
length). We propose a focal length f ¼ 700 mm
and, consequently, an input angle yi ¼ 62:76�:
Fig. 5. (a) Curve of the focal length as a function of the incident angle

different focal lengths (in order from the top 700, 600, 500 and 400 m

focal length the lower the sensitivity to yi perturbation. As low sensitiv

represents the possible incident angles for a slowly varying with angl
3.2.2. Mask and beam waist

The response function from Eq. (12), taking into
account the finite number of pixels and the finite
dimensions of the beam waist w0; is

HðoÞ ¼

ffiffiffiffiffiffiffiffi
2a2

pw2
0

s
HSLMðoÞ�e�2ða2=w2

0
Þo2

: ð15Þ

We have already seen that the filter function
HSLMðoÞ is step-shaped. The steps are smoothed
by convolution with the Gaussian envelope func-
tion e�2 a2o2=w2

0 originated by the Gaussian spot of
each spectral component at the mask. To conserve
good spectral resolution (essential for a long flat
pulse), the beam waist must be well below the pixel
dimensions.

Taking the output pulse as a function of
different beam waists, we ended up with a beam
waist of w0 ¼ 20 mm [15]. This value seems feasible
for the chosen focal length and the foreseen input
spot size. The beam waist w0 after simple calcula-
tions is

w0 ¼
cos yi
cos yd

lf

pwin
ð16Þ

where win is the waist of the input beam at the
grating. Having fixed all the parameters but the
input waist, this win is 5:8 mm:

As for the choice of the spectral bandwidth Do;
note that the frequency interval Do is relevant to
the rise time and plateau roughness of the
rectangular pulse and also to the shaper dimen-
sions. The bandwidth of 30 p rad=ps comes from a
. (b) Angular deviation as a function of the incident angle yi for
m). A trade off between yi and f must be done: the longer the

ity is needed, yi must be greater than 50�: The dotted line in (b)

e.
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trade-off among the three requirements of fast rise
time, flat plateau and reduced mechanical dimen-
sions.

3.3. A numerical program for phase-only filtering

By choosing phase-only filtering and a beam
waist w0 smaller than the pixel dimensions, the
spectral amplitudes remain substantially un-
changed in crossing the system. Thus, we can
write HSLMðoÞ ¼ exp½�icðoÞ�: An analytical cal-
culation for HSLM does not exist, but many
numerical solutions are available. We discuss a
computer-assisted calculation capable of providing
a response function HSLM that gives an output
pulse fairly well approximating the target pulse. A
specific numerical program (in Cþþ language)
was developed.

The transfer function is calculated with an
iterative procedure: The spectral patterned func-
tion is updated according to a genetic stochastic
optimization algorithm (GA) [16,17]; the convolu-
tion of the updated transfer function with the
signal of the previous cycle provides a new output
signal; a cost function is calculated with the new
signal; if this updated cost function is lower than
the cost function of the previous cycle, the updated
spectral patterned function will be accepted;
otherwise, it will be rejected and a new cycle starts
with a fresh spectral pattern function. The itera-
tions are stopped when the value of the cost

function arrives at saturation. The final phase
pattern FðoÞ þ cðoÞ is transferred to the mask.
The complex spectral field EðoÞ of the input pulse,
i.e., its spectral amplitude AðoÞ and phase FðoÞÞ;
and the temporal amplitude EtargetðtÞ of the target
pulse are given as inputs. The initial trial phase
vector F has all the phases at the pixels set at zero
value. In each iteration a random phase change
dci is generated according to dFi ¼ R; where R is
a random variable uniformly distributed in the
interval �0:5 to þ0:5: The index i refers to the ith
pixel. The calculation procedure is illustrated
schematically in Fig. 6. There are many types
of cost functions and the choice is determined
by the particular target function [17,18]. In our
case of a long rectangular pulse, the choice of
the cost function is very important [15]. We com-
pared the qualities of the output pulse profile, in
terms of plateau flatness, obtained with the
following cost functions: C1 ¼

P
k jIk � I

target
k j;

C2¼
P

kðIk � I
target
k Þ2; C3 ¼

P
k½I

2
k � ðI targetk Þ2� and

C4 ¼
P

k jIk � I
target
k j3: The cost function C2 proved

to be the best for the task. The index k in the above
equations indicates the kth section of the segmen-
ted function. The pulse profile shown in Fig. 7 was
obtained with the program. The rise time is about
0:5 ps; the flatness is quite good and the lobes at
the sides are very small. These side lobes disappear
at the third harmonic, that is, calculating the
intensity as the cube of the fundamental I3

(Fig. 7b). The relation between the first and the
third harmonic is a fairly crude way of looking at
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the problem. In fact, the first-harmonic rectangu-
lar pulse crosses two amplifiers before entering the
crystal for the third-harmonic generation. None-
theless, since the non-linearity strongly exalts the
amplitude modulations present in the signal, the
reported result should be realistic. In simulations
of the SPARC experiment, amplitude oscillations
up to about 30% seem acceptable [19]. Therefore,
the phase-only modulation leads to a satisfactory
rectangular output pulse, as the plateau roughness
is only a few percent and the rise time less than
1 ps:

We investigated via simulations the system
sensitivity to variations in the input pulse length,
the dispersion (incident angle) and the input pulse
profile. The sensitivity of the shaper to perturba-
tions depends on the spectral acceptance, once the
type of modulation has been fixed. In fact, we
Fig. 7. Simulated output pulses after the shaper obtained with

the iterative algorithm: The signals in (a) and (b) refer to the

fundamental harmonic and third harmonic, respectively. This

harmonic intensity is simply calculated by the third power of

the fundamental harmonic I3:

Fig. 8. (a) Variation of the signal plateau flatness at the third harmo

plateau roughness occurs for an angular dispersion variation of abou
verified that the wider the spectral acceptance, the
higher the system sensitivity to any variation, but
also the smoother the pulse flatness at the
optimized filter pattern. A pulse lengthening of a
couple of femtoseconds leads to a 10% increase in
roughness. It could be advisable to choose a
smaller portion of the spectral bandwidth and,
hence, accept a lower flatness in order to obtain a
lower sensitivity to pulse-length deviations. The
increase in plateau roughness because of perturba-
tion of the spatial dispersion (due to the variation
in the incident angle) is shown in Fig. 8: its
variation with Da=a is slow. The reason for the
output change is that a variation in a produces a
variation in the spectral components hitting the
mask pixels. This leads to a spectral phase pattern
that is no longer optimized for a flat output.

It is apparent from Fig. 8b that, accepting an
enhancement of the roughness of up to 30%, the
acceptable extent of the a variation is 2%. Note
that the variation is not left–right symmetric about
the centre. The parametric curves reported in Fig.
9 present the percentage variation of a at the
different input angles. The parameter of the curves
is the percentage variation of the input angle as
indicated in the figure. The line Da=a ¼ 2% shows
that the allowed variation of the input angle is
about 2% at the chosen yiC63�: This perturbation
of the input angle can be easily controlled in an
optic system.

To round off, we also performed simulations
with the iterative Fourier transform (Gerchberg–
Saxton) algorithm [20]. The simulated signal-
nic for different values of Da=a: (b) A 20% enhancement of the

t 2%. The flat-top noise was calculated by ðImax � IminÞ=Iaverage:
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Fig. 9. Sensitivity of dispersion a vs. input angle yi at a fixed

focal length of 700 mm: Continuous lines: percentage variations
of 4%, 3%, 2% and 1%, respectively. Dotted lines: negative

variations in yi: Note that Da=a is not symmetric with respect to

the two side variations and also that Da=a > 0 when Dyio0 and

vice versa.

Fig. 10. Schematic of the AOPDF principle. The acoustic wave

and the optical incident and diffracted waves are collinear and

propagating along the z-axis. The components of the acoustic,

incident and diffracted waves match the resonance conditions at

different values of the z coordinate, as indicated by the arrows.
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output was notably worse than that obtained with
our program based on the genetic algorithm.
4. The AOPDF system

Here, we briefly look at the basic principles of
operation and the advantages and disadvantages
of an AOPDF device. More information about the
AOPDF can be found in Refs. [10,11] and, for the
other types of shapers, in the review paper [9].

The AOPDF (also known as DAZZLER) is
based on collinear acousto-optic interaction in a
tellurium dioxide (TeO2) crystal (acousto-optic
modulator, AOM). The crystal is driven by an RF
signal, which generates a propagating acoustic
wave that sets a spatial wave in the crystal and
consequently a refractive index grating via the
photoelastic effect. The grating period is K ¼
vac=O; where O and vac are, respectively, the
frequency and the velocity of the wave. Each
spectral component of the input pulse, in its
propagation along the ordinary axis, is diffracted
into an output pulse propagating along the
extraordinary axis at a point zðoÞ of the crystal
(Fig. 10), where the resonance conditions

k2Ck1 þ K ; o2Co1 þ O ð17Þ
are matched. In the above equation, k1 is the
incident wavenumber; k2; the diffracted. The
frequencies of the two optical waves are approxi-
mately equal. As the spectral diffraction occurs at
different distances, each component will cross the
crystal length L in a different time DtðoÞ; propor-
tional to the length zðoÞ: The system behaves like a
dispersive system, where the group-velocity vgðoÞ
has a significant value.

The TeO2 crystal of the AOPDF has a typical
2:523 cm length in a quasi-collinear configuration.
At l ¼ 800 nm; the refractive indexes for the two
ordinary and extraordinary waves are, respec-
tively, n1 ¼ 2:226 and n2 ¼ 2:374: The dispersion
of the frequencies from 700 to 900 nm requires an
RF frequency range between 40 and 60 MHz:

Amplitude modulation (besides phase modula-
tion) can be obtained simply by modulating in
amplitude the RF-driving signal. The diffraction
efficiency is a function of acoustic intensity.

Its compactness, simple insertion and the avail-
ability of both phase and amplitude modulations
make the Dazzler very attractive. However, it has
some disadvantages. It does not allow a long
crystal because of low efficiency in RF signal
transmission, so long longitudinal dispersion is
impossible. Non-linearities already appear at
medium acoustic wave power, which prevents
efficient diffraction. Furthermore, matching of
the transducer impedance is difficult. Although
these disadvantages make the AOPDF less attrac-
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tive than the LCP-SLM device, both are going to
be considered for the SPARC project: the LCP-
SLM for its reliability and flexibility, the AOPDF
for its simplicity.

4.1. A short note on the AOM-PSLM shaping

system

An AOM crystal with the refractive index
grating described above can be set perpendicular
to the propagation axis in a 4f system, in
substitution of the liquid crystal mask. The
apparatus is named AOM Programmable SLM
(AOM-PSLM). The spatially dispersed spectral
components are diffracted by the grating, which is
locally tuned to the components. The tests showed
the appearance of acoustic nonlinearities at a
lower RF power level than needed for high
diffraction efficiency [9]. The disadvantages with
respect to the LCP-SLM system leads almost
naturally to choice of this second system.
5. Conclusions

A 4f spatial light modulator with a program-
mable mask, phase-only patterned, seems appro-
priate for the task of producing a 10-ps target
pulse with a rise time of less than 1 ps: The
Jenoptik model SLM-S 640/12 mask, used in the
numerical tests, proved capable of producing the
required rectangular pulse with a 100-fs input
pulse. The spectral pattern for the phase mask was
obtained with the use of a home-made numerical
program based on a genetic stochastic optimiza-
tion algorithm. Phase-only pulse shaping is cap-
able of maintaining the rise time of the input pulse.
This result indicates that the input driving pulse
could be wider than the 100 fs used in the
calculations. The shaper has sufficient flexibility
to recover the distortions introduced into the pulse
profile by the amplifiers of the laser system. The
mask pattern can be changed in a relatively simple
way, which makes the device flexible for adapting
the transfer function to changing user requests,
such as passing from a rectangular pulse to a ramp
pulse shape. The LCP-SLM system has relatively
low sensitivity to perturbation of the input angle,
while the sensitivity is high for mask alignment.
Operation of the laser system at the third
harmonic, as required by the photo-electron
process, has the beneficial effect of lowering any
possible side lobe, but has also the negative effect
of enhancing the amplitude modulation of the flat-
top.
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