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Abstract We present an analytical method for generating
ultra-fast pulse sequences. In this approach, the physically
intuitive parameters of the sub-pulses—energy, position in
time, relative phase, chirp, and the polarization state—can
be controlled individually. The pulses are experimentally
generated by a pulse shaper which has been recently in-
troduced. It uses three commercial double liquid crystal ar-
ray modulators to mimic the optimal setup which utilizes
four liquid crystal arrays for modulation. A series of dou-
ble pulses systematically demonstrates the separate and in-
dependent control of the sub-pulse parameters. Furthermore,
complex multi-pulse sequences are shown.

1 Introduction

The invention of femtosecond lasers and the development of
pulse shaping techniques opened the wide field of coherent
control [1, 2]. The implementation of a pulse shaper into a
feedback loop makes it possible to find the optimal pulse
form for the investigated system without having any knowl-
edge about the underlying physics [3]. By analyzing the ob-
tained pulse shapes, the excitation process can be revealed.
This powerful method was applied to many successful ex-
periments in different fields [4].

In these experiments, the pulses were modulated in phase
and/or amplitude. Since the majority of quantum systems
are three dimensional, the vectorial component of the elec-
trical field, the polarization, has to be considered addition-
ally. Pulse shapers which are capable of polarization shaping
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were developed. The first attempts at polarization shaping
employed standard double liquid crystal arrays which have
their optical axes oriented at £45° in the Fourier plane of a
4-f line [5]. The experimental implementation of this setup
in a closed-loop experiment on optimizing the ionization of
K> and I, showed nicely the relevance of the vectorial char-
acter of the light [6, 7]. Yet, in this setup the polarization
control is limited to ellipses with fixed orientation. This lim-
itation was overcome by additionally passing an array with
its optical axis parallel to the input polarization in an 8-f
geometry [8]. A four-array modulator was used to correct
the polarization mode dispersion in optical fibers [9]. How-
ever, all these setups are not able to modulate the amplitude
of the laser pulse. By passing through a 4-f line twice at
different locations of a double liquid crystal modulator, the
amplitude of the laser pulse was additionally shaped [10].
The restriction of the polarization control also applies for
this setup.

The first setup which provides the full control of the po-
larization along with phase and amplitude modulation uti-
lizes a pulse shaper incorporated in a Mach—Zehnder inter-
ferometer [11]. The idea of this setup is based on superim-
posing two orthogonally linearly polarized pulses which are
shaped in phase and amplitude. The stability of this type of
interferometric pulse shaping is a central point and was im-
proved in a common optical setup [12, 13] and by active sta-
bilization [14]. By employing the approach of overlapping
two shaped pulses which are perpendicularly polarized, it
was also possible to extend the polarization shaping to the
mid infrared [15] and to the ultraviolet [16].

Recently, we introduced a modulator which effectively
utilizes four liquid crystal arrays to obtain full control over
the electrical field of the laser pulse [17]. This modulator is
placed in the Fourier plane of a standard 4-f line. Therefore,
concerns regarding the stability are irrelevant and the setup
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can be easily aligned. In this paper, we describe an analytical
method for generating parametrically tailored multi-pulses
with this setup. In this approach, the parameters of each sub-
pulse can be modified individually. The full control of the
electrical field is essential to achieve this.

This paper is organized as follows. First, in Sect. 2 we
present the mathematical basis for the parametrical con-
struction of a pulse sequence, the calculation of the electrical
field, and the computation of the individual retardances for
the pixel of each array of the modulator. Then, in Sect. 3
we introduce the experimental setup. In Sect. 4 we present
the experimental data of a series of double pulses in which
one parameter is systematically changed while the others are
kept constant. This is followed in Sect. 5 by a selection of
complex double pulses in order to show the full scope of
parameterization. The capabilities and limitations are dis-
cussed in Sect. 6. At the end, in Sect. 7 we consider applica-
tions and conclude the paper.

2 Mathematical description
2.1 Parameterization of a pulse sequence

For the construction of the pulse sequence, we used a sub-
pulse encoding similar to that in [18]. The parameters inten-
sity (I), position in time, relative phase, and chirp, as well
as the polarization state orientation (y), ellipticity (r), and
direction of the helicity of each pulse are individually set.
The orientation measures counter clockwise from the x axis
and the ellipticity is defined as the ratio of the major axis to
the minor axis (r = Amajor/Aminor) Of the ellipse given by
the electrical field which is illustrated in Fig. 1. The polar-
ization state of each polarization ellipse is converted to the
spectral vectorial components of the electrical field E (w). It
is determined by the amplitudes in horizontal (X) and ver-
tical (Y) directions and the phase difference between these
spectral components (¢€). The spectral amplitude in horizon-
tal and vertical directions can be expressed by

X = ﬁcos(%arc cos(cos(2y) cos(2 arctan(r)))), 6))

Y = ﬁsin(%arc cos(cos(2y) cos(2 arctan(r)))). )

The phase difference between the X and Y components de-
termines the ellipticity of the polarization ellipse. It is calcu-
lated as

3

€ = ¢y — ¢x — iarctan(tan(zarw)’

sin(2y)

in which the sign determines the helicity: plus stands for
right-hand polarization and minus for left-hand polarization.
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The phase @ (w) of the sub-pulse is constructed by the
spectral Taylor terms b;,. The zero-order term regulates the
relative phase between the sub-pulses. It also sets the carrier
envelope phase (CEP) if a CEP stabilized laser provides the
input pulses. The first-order term b; shifts the pulse in time
and the quadratic term implies the linear chirp of the sub-
pulse, etc. The pulse sequence is composed of the superpo-
sition of N sub-pulses. The complex vectorial electrical field
in the frequency domain can be written as

. - X vel®n (@)
EP" (w) = Ein (») ; (YNé\i/(qu(wHe)) “)
= Ein (0) - H (0) , )

where Ei, (w) is the electrical field of the incoming linear
pulse which serves as a prototype and specifies the avail-
able overall pulse energy and spectral width. The calculation
of the electrical field can be considered as a multiplication
of the incoming electrical field with a modulation function
H (w). The modulation function is calculated by

E (»)

)= 2@
@ =@

(6)

The construction of the modulation function is not restricted
to this parameterization. A modulation function of any de-
sired electrical field can be calculated within the limits of the
available laser pulses. The electrical field can be obtained by
different types of parametrizations or theoretical considera-
tions. A construction of the electrical field in the time do-
main as E (¢) is also possible, since it is directly connected
to the frequency domain E (w) by Fourier transformation.
The modulation function is complex and can be expressed
by its real and imaginary parts for the horizontal x and ver-
tical y components, respectively:

ﬁ( | Re HY +ilm HY D
W) = .
ReH}‘f’ —l—iImH;"

2.2 Calculation of the electrical field produced
by the modulator

The modulator which is optimally suited for shaping this
kind of pulses consists of four arrays and a polarizer. The
configuration of such a modulator could be a sequence of
arrays in which the first pair has its optical axes at +45°,
followed by a horizontal polarizer and an array with the op-
tical axes at +45° and 0°. Since such a modulator was not
available, we substituted it by a combination of three double
liquid crystal modulators with their optical axes at +45°, a
polarizer, and two wave plates, which give the same poten-
tial for control. The sequence of the optical components used
is a modulator followed by a horizontal polarizer, a second
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modulator, and a third modulator which is placed between
two half-wave plates at +22.5° (cf. inset of Fig. 1). Other
combinations or a different order could also allow for the
desired modulation. Details are discussed in [17].

The formula for the electrical field after modulation can
be calculated by multiplying the Jones vectors of each opti-
cal component with the vector of the incoming field. The
electrical field of the four-array modulator is calculated
as

wp wn wn )

~ 1:
= Ein (wn) 2! (%" H" 100

Wp Wnp
Pa — @y
XCoOS\ ————
2

8 cos(%) ®

jelve sin(%5-)./g
= Ein () - H™* () . 9)

d4
Eg}ﬁ (wn)

In the case of the setup used, where three modulators pro-
vide a sequence of six arrays, the manipulation of the elec-
trical field can be expressed as

= Ein (on) 210"+ " 44"

Wy
(w % )
Xcos{ ———
2

wn wn

d 6
Eg:ﬁ (wn)

(pf COS(WC —%q )
X ' (10)
jeled sin(%)\/g
= Ein (@n) - H™ (). (11)

Equations (8) and (10) are equal when setting gpg)" and
gp(;)" to zero. Due to the physical dimensions, the liquid crys-
tals have an intrinsic offset retardance. This is not identifi-
able since the arrays are fixed to each other and only relative
changes of the retardances matter. Therefore, it is not pos-
sible to experimentally set each individual array to zero or
to a multiple of 2. The difference retardance of ¢, — ¢y
is the parameter which replaces ¢.. Further, the modulation
function of this setup is over-determined. It uses six arrays
to control the four parameters phase, amplitude, ellipticity,
and orientation. In order to reduce the number of parame-
ters and ensure uniqueness, the following transformation is
made.
=0paps  Pa O, =g

=¥beai 9" 9" =050 =0 (12)

o — "
P — o)

Wy, Wp 0.

‘Pe _(pf = @Def> (Pg +‘Pf =Pser =

The formula for the six-array equation (10) setup simplifies
to

out

Wp
~ 1: wn (p
EmodSD (4),) = Eip (w,) €250 cos (—‘3“")

W,
wn

. "Def n
ez cos(—‘pDz"“)

X on (13)
. _ifDef g
e 72 sm(w%“’)\/g
= Ein (w) - H™P (,). (14)

2.3 Calculation of the retardances for a parameterized
pulse sequence

In order to transfer the retardances of the modulation func-
tion from the calculated desired field to the modulator, the
frequency has to be resampled to the frequency steps of the
modulator w, . Then, the modulation function of the desired
field is identified with the modulation function of the modu-
lator:

H™ (w,) = H™ (w,) . (15)

This leads to a system of four coupled linear equations. In
the case of the modulator which utilizes four arrays, we ob-
tain

Re H" = (cos( On 4 (pg”") + cos(wzo" + (pg"”)

+ cos(gp? o)

+ cos(¢," + o), (16)
ImH" = ( in(pg" + ) + sin(e)" + @)

+ sm( o 4 gl ’)

+ sin(¢," + o), (17)
Re Hy" = i(— cos(p2) — cos(p,")

+ cos(p" + ")

+ cos(g" + 9)) V8- (18)

ImH" = %(—Sin(wZ’") — sin(¢}")
+ sin(gg” + ")
+ sin(g)" +¢2")) V8. 19)

The analogous equation system for the six-array modula-
tor is written as

(pwn + (pwn
y (;«7) 20)
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(pwn wwn
ImH" = cos(%) cos(%)

gown +(pwn
y (f4) @)
2
Wy Wy
Re HY" = cos<m> sin(m)
Y 2 2
Wp _Wn
" Sm(W) N 22)
Wy Wy
ImH® = cos(m) sin<m>
Y 2 2
Wp _Wn
X cos(W)@. (23)

Both systems of linear equations can be solved for
the retardances. The solution for the four-array modulator
is

@" = £ACOS — ACOT — ATAN, 24
(pZ)" = FACOS — ACOT — ATAN, (25)
g =2 ACOT, (26)
g¢" = ACOTX + ATAN. @7

For ¢;" and (pg)” , two solutions can be found, which are

indicated by + and F, respectively.
Similarly, the sums and differences of the retardances of
the setup which utilizes six arrays can be found:

por, = ACOTX — ATAN, (28)
o, = £2ACOS, (29)
o =2 ACOT, (30)
gol‘;’gf = ACOTX + ATAN. (31)

For a shortened and clearly laid out presentation, the fol-
lowing abbreviations have been used:

Im H™)? Im Hy")? 4+ (Re Hy™)?
ACOS = arccos % eH™ |1+ (Im (U)n ; Re wyn ; ) (32)
(Re Hy™) ((Im H;")” + (Re Hy")7) g
/1 4 (mH on o (Re Hy™ )2
ACOT t T e e N I T (33)
=arcco ,
(Im Hy")? + (Re Hy™)?
Re H,”
ACOTX = arccot 67)2) , (34)
ImH,™"
Re Hy”
ATAN = arctan - |- 35)
Im Hy”

An obligatory condition derives from energy conserva-
tion. The shaped pulse which leaves the setup cannot have a
higher pulse energy than the one which enters the setup. So,
|Eout(@n)| < |Ein(wy)] is valid for all w,.

Since the first two arrays control the spectral amplitude,
the retardances of these arrays (¢;", ¢, or ¢pr,) become
complex if this condition is violated. Therefore, the spec-
tral amplitude has to be normalized to fulfill this condition.
Including the grating correction in the equations in which
the parameter g takes the difference in reflectivity into ac-
count leads to a slightly different normalization. Again, the

correction focuses on the parameters of the first arrays. This
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difference is controlled by the term within the arc cos func-

tion, which can be reformulated to

\/(Rer)")z-i- (Im H2") + (Ime")ZZ(Rer")z_
This term can be identified as the absolute value of the mod-
ulation function. Its value must be smaller than unity be-
cause the liquid crystal arrays can only attenuate and not
increase the intensity of light. This is achieved by renor-
malization of the overall intensity of the desired pulse se-
quence.
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Sequence of optical components
+45°| -45° | POL | +45°| -45° |N/2| +45° | -45° [N/2
| P l@ee| | B k225! % | & h22s

Identical sequence
+45°| -45° [POL | +45°| 0°
%G| % e % | %

jor

inor

R [ [ [ [ [[]

Half Wave Plate @ +22.5°]

Fig. 1 Pulse shaper setup for full control of phase, amplitude, and
polarization of femtosecond laser pulses. For the modulation of the
pulses, three standard double liquid crystal array modulators, a polar-
izer, and a pair of half-wave plates are used. They are placed in the
Fourier plane of a 4-f line in the order shown in the inset on the upper

3 Experimental setup

The experimental setup of the pulse shaper is presented in
Fig. 1. The laser pulses are modulated in the Fourier plane
of a 4-f line. It consists of two cylindrical lenses with a focal
length of 200 mm and two gratings with 1200 grooves/mm
having a polarization-dependent difference in reflectivity of
15% for horizontally and vertically polarized light. Since a
four-array modulator is not available, we use three standard
double liquid crystal modulators (2x SLM1280 and SLM-
256, CRi) having their optical axes oriented at +45°, a po-
larizer, and two wave plates. This is discussed in detail in
[17]. Each modulator is mounted on a high-precision stage
to coordinate the pixel assignment and adjust them to match
the same frequency band w,,. The wavelength calibration co-
efficient for the arrays amounts to 0.3415 nm/pixel.

The femtosecond laser pulses are provided by an os-
cillator (Mira, Coherent) with a bandwidth of 22 nm cen-
tered at 780 nm. The pulses are detected by sum-frequency-
generation cross correlation (SFG-XC) in a BBO crystal
with a short reference pulse. Due to the high polarization
sensitivity of the SFG, different projections of the shaped
pulse can be selected by rotating the shaped pulse with a
half-wave plate. In a time resolved ellipsometry like scheme
the three-dimensional pulse shape is retrieved using the
cross-correlation traces at 10 different projection angles
[11, 19].

4 Systematic variation of a single parameter

In this section, we experimentally demonstrate the function-
ality of the parameterization in combination with the intro-
duced setup which uses six arrays. To prove that it is possi-
ble to control each parameter of every individual sub-pulse,

left. This device provides the same control as the sequence of four
liquid crystal arrays. The inset on the right shows a polarization ellipse
with its major (Amajor) and minor (Aminor) axes. The orientation is
described by the angle y

we generated and measured a series of double pulses. These
pulses were retrieved. This provides information of the po-
larization parameters’ orientation and ellipticity evolution as
well as intensity over time. The intensity graph which basi-
cally is the integrated SFG-XC signal reveals directly the
distance and chirp of the measured pulse. For a systematic
investigation, we varied a single parameter of the double-
pulse sequence while keeping the others constant. The par-
ticular parameter under investigation is plotted. The same
parameter of the other pulse is additionally plotted to serve
as a reference. To illustrate this scan, we exemplarily choose
two pulses out of each series to show the evolution of the
intensity and the polarization parameters. This is presented
along with a three-dimensional representation of the pulse.
Figure 2 depicts the variation of the sub-pulse energy. In
Fig. 3 the distance of the double pulse is changed. By chirp-
ing the first pulse linearly, one can observe an elongation of
its pulse duration while the second pulse remains short. This
is depicted in Fig. 4. A variation of the polarization parame-
ters can be observed in the following two figures. In Fig. 5
the second pulse is rotated by maintaining its linear polar-
ization. The change of the ellipticity of the second sub-pulse
is depicted in Fig. 6. Statistics regarding the remaining pa-
rameters which were kept constant are presented in Table 1.

This set of measurements nicely showed the prospects of
this setup. The graphs in part (a) of Figs. 2—-6 proved that
the selected parameter can individually be controlled. As
expected, the points all lie on a straight line. In the case
of the chirp, the dependence of the width of the peak in
the cross-correlation trace is not linear, which is correct and
shows the expected characteristics. The graphs representing
the intensity, ellipticity, and orientation as well as the three-
dimensional representation of the measured pulse revealed
that by changing the particular parameters the overall shape
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Fig. 2 Variation of the 1 a enerav ratio
sub-pulses’ energy. (a) shows 8 | oy A
the change of the relative energy
between the two pulses from ° 1
1:10 to 10:1. The other 5 6
sub-pulse parameters are kept .y
constant. Both pulses are g g
linearly polarized. The first b 4 L
pulse is oriented at 0° and the 3 B ) A
second at +60°. The distance 3 . A
between the sub-pulses amounts o L
to 800 fs. In (b) and (c) the s 24 A
energy ratio amounts to 2. In (b) ] _A."'A
the first pulse has twice the ‘A
energy of the second. In (c) it is 0
the other way round i
T T T T T T T T T T T !
0 2 4 6 8 10
a Set energy ratio
1.0 1 1%
2 : 4 60
2 0.8+’
c . o
-_g > ] ~ 30 §
S S 06+ =
g5 | g
= = . ®©
T Woa : 2
g 0.4 3 -g
S 1 o
P4 0.2
0.0 L T T T >
-1.5 -1.0 -0.5 0.0 0.5 1.0 Intensity
Time / ps Ellipticity
b S Orientation
2
2
[e)]
£z 3
£ 3 g
g5 S
T £
£ Q2
<}
2 o
T T T T M
-0.5 0.0 Intensity
Time / ps Ellipticity
c e Orientation

remains unchanged. However, slight deviations can be ob-
served in the ellipticity. Furthermore, some pulses show side
pulses which are not seen in the simulation of the pulses. The
origin of these deviations will be discussed in Sect. 6 later
in this paper.

5 Complex multi-pulses

The last section showed the systematic control of the indi-
vidual parameters. In this section, we want to extend the
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parametrically shaped pulse sequences to complex multi-
pulses. A selection of multi-pulses should give an impres-
sion of how complex the pulses shaped by this method
could be. Each pulse is presented in a graph which shows
the intensity, orientation, and ellipticity over time. It is ac-
companied by the three-dimensional representation of the
pulse sequence which is reconstructed from the measured
data.

The first example pulse (depicted in Fig. 7a) is a single
pulse with a changing polarization state. It is constructed by
superimposing two circular sub-pulses with different helic-
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Fig. 3 Variation of the distance 2000 1 A Pulse distance
between the sub-pulses from ] A
400 fs to 2000 fs. The double 1800 -
pulse consists of two linear g 1
sub-pulses. The first is Q 1600 7 A&
orientated horizontally and the S 1400 -
©
second at +45°. In example (b) ® E
the distance is set to 400 fs and g 1200 Y
in (c) to 1600 fs % 1000
a . .
8 800 &
2 600
[} 1
= 400 A&
04+ TF T 7T T T ]
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
a Set pulse distance / fs
104 - 90
= T ) 4 60
2 08+ AL
S e e . 2
g, 1 SR L
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§ 2 N _ 10 8
= = v | : ks
g W4 | “.' . - -30 E
S \ ¢ | S
Z 024 L/ {0 ©
- -90
0.0 I B L A B X
-1.5 1.0 -0.5 0.0 0.5 1.0 Intensity
b Time / ps Ellipticity
----- Orientation
1.04 ! 1%
z ; :
@ g i :
c s A i (o2}
22 | ' A 2
5 f__‘:’ 0.6 1 . c
i e s g
_ = L @©
T Wogq ' £
g 0.4 .5
g 02 § ©) Time
: fid 4 90
0.0 T — 1 1 1 >
1.5 -1.0 -0.5 0.0 0.5 1.0 Intensity
c Time / ps Ellipticity
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ities. They are both linearly chirped by +1.5 x 10* fs? and
separated by 200 fs. This results in a rotation of the polariza-
tion ellipse of the pulse by more than 360°. The ellipticity
decreases with increasing intensity and is close to linear at
the pulse maximum.

The second example pulse (depicted in Fig. 7b) is
a triple pulse consisting of three linear pulses oriented
at —60°, 0°, and +60° which are separated in time by
300 fs. The first pulse and the last pulse are quadratically
chirped by &2 x 10° fs3. This results in the characteristic
asymmetric shape in time. The pulse in between remains
short.

The third example pulse is presented in Fig. 7c. The pulse
sequence consists of four linearly polarized pulses separated
by 200 fs. The orientation changes by 45° from sub-pulse to
sub-pulse.

The last example pulse (depicted in Fig. 7d) is a pulse
sequence of six short sub-pulses spaced by 200 fs. The ori-
entation of each sub-pulse is changing from 0° to +150° in
steps of 30°. Additionally, the ellipticity of each sub-pulse
is increasing from linear (r = 0.0) to circular (» = 1.0) in
steps of 0.2.
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Fig. 4 In this series the effect
of applying a linear chirp to the
first pulse is demonstrated. The
intensity trace of every curve is 0.30+
fitted with a Gaussian. The 4
FWHM of the pulses’ 0.254
cross-correlation trace is plotted
in (a). The pulse length would
be obtained by deconvolution
with the reference pulse. The
length of the first pulse increases
with larger chirps and the peak 0.15+
intensity is reduced, while the 1
duration remains constant at 0.104 ;

0359 g 1st pulse

® 2nd pulse

0.20

FWHM in XC-trace

about 90 fs for the second pulse.
The first pulse is linearly

polarized at 0° and the second
linearly polarized at +60°. The
pulse distance is set to 800 fs. In
(b) the example of two short
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T T T T T T 1
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6 Discussion

The complexity of the produced pulse shapes is limited by
the provided laser bandwidth and the resolution of the mod-
ulator. Further issues which have an impact on the shape
of the pulses originate from the liquid crystal modulators’
technique. These are known as pixel quantization, gap-to-
stripe ratio, and phase resolution, which restrict the tem-
poral shaping window and create pulse replicas and other
side effects [20, 21]. In addition, imperfections of the setup
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affect the produced pulses. These result from the imper-
fections in the optical elements, their alignment, or, espe-
cially, in the case of the liquid crystal arrays, from their
calibration. To estimate the impact of the errors, we car-
ried out simulations. Noise on the retardances and an im-
perfect alignment of the axes result in a less precise con-
trol of the pulse parameters. These deviations occur in the
order of the error which provoked them. As any other de-
tection method, the one which is used is afflicted by er-
rors.
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A more crucial point is the pixel overlap in all the suc-
ceeding arrays. A simulation of this error reveals: if every
nth pixel does not precisely modulate the same frequency
band, w, side pulses will occur. These side pulses can be
observed in some of the pulses presented before. As an ex-
ample, we choose the double pulse already presented in
Fig. 6¢. The side pulses including their polarization state
are well reproduced by this simulation, which can be ob-
served in Fig. 8. In the experiment this might be due to
using three modulators—one of these being of a different

type.

7 Conclusion and outlook

In conclusion, we have presented a shaper setup which is ca-
pable of phase, amplitude, and polarization shaping in com-
bination with an analytical parametrical sub-pulse encoding.
The electrical field of the generated pulse which could be
designed in the time or frequency domain is only restricted
by the resolution of the shaper and the available bandwidth.
Since the modulation is based on the use of birefringent lig-
uid crystals, the usable range of wavelengths is limited to
their transparency, which ranges from 400 to 1600 nm. We
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Fig. 6 In this part the variation 1.0 4 ® 1stpulse
of the ellipticity is illustrated. '
A double pulse which is | @ 2ndpulse
separated by 800 fs and equal 0.8
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have introduced a way to calculate the individual retardances
for the arrays of the modulator from a given field. The cal-
culations were carried out for two types of modulators: one
modulator utilizing four arrays and—since this type of mod-
ulator was not available—the modulator we used in the ex-
periment which utilizes six arrays.

Further, we employed this analytical procedure for con-
structing parametric pulse sequences. The pulse sequence
is constructed out of sub-pulses. In this way, each sub-
pulse can be individually shaped by setting its physically
relevant parameters energy, position in time, ellipticity, and
orientation, as well as the relative phase and higher-order

@ Springer

chirps. To illustrate this method in combination with the
introduced setup, we have generated example pulses. To
characterize the pulse, we retrieved the intensity, orienta-
tion, and ellipticity over time from a set of cross-correlation
traces. In order to visualize the pulses and make them more
easily comprehensible, a three-dimensional representation
is calculated from the measured data. We presented a se-
ries of double pulses to confirm the independent control
of the parameters of each sub-pulse. In each series one of
the parameters was manipulated while the other parameters
were kept constant. The respective parameter of the mea-
sured pulse matches the value which was set. After hav-
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Fig.7 Complex multi-pulses
with different polarization states
and chirps. The time-dependent
intensity, orientation, and
ellipticity, as well as the
three-dimensional
representation, are depicted. All
are retrieved from measured XC
data.
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Fig. 8 A theoretical investigation of the deviations in the pulse se-
quence induced by shifting the first double array by one pixel relative
to the others. The double pulse from Fig. 6b serves as an example. It
consists of two linearly polarized pulses separated by 800 fs and ori-
entated at 0° and +30°. The sub-pulses which are intended and the
ones which are due to the error are investigated separately in (a)—(d).

ing proven the ability to control the sub-pulses arbitrarily,
more complex pulses were shown. The limitations of this
setup and potential sources of errors are discussed. These
parametrically tailored pulses can be employed for system-
atic investigation by separately changing one parameter of
a pulse sequence, for example in two-dimensional spec-
troscopy. Furthermore, the implementation of this proce-

@ Springer

The intensity (red), ellipticity (green), and orientation (blue) over time
are plotted for each sub-pulse. Each graph of the measured pulse (solid
line) is compared to the simulated one with (dashed line) and with-
out (dotted line) error. The graph resulting from the experiment is very
similar to the one obtained by simulation, in which a shift of one pixel
on the first double array is applied

dure in the algorithms of feedback loop optimizations would
tremendously decrease the size of the search space, which
results in fast convergence and higher reproducibility. The
obtained pulse shapes are less complex and, due to the em-
ployment of physically concrete parameters, they are easier
to interpret [22, 23]. In summary, the application of these
parametrically shaped three-dimensional pulses could have
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Table 1 Parameters of the double pulses which are depicted in Figs. 2—6. Each column represents a series of double pulses. The set parameters
and statistics on measured parameters which are kept constant in the respective series are displayed

Intensity Distance Chirp Orientation Ellipticity

Shown in Fig. 2 Fig. 3 Fig. 4 Fig. 5 Fig. 6
Energy ratio Set Varied 1.0 1.0 1.0 1.0

Measured 1.5+0.5 0.8+£0.2 1.2+0.2 1.0+0.1
Distance Set 800 fs Varied 800 fs 800 fs 800 fs

Measured 796 £3 fs 798 £16 fs 785 £10fs 788 £ 7 fs
Pulse length Set Short Short Varied Short Short
First pulse Measured 92+1fs 83+ 1fs 89+ 4fs 85+4fs
Pulse length Set Short Short Short Short Short
Second pulse Measured 83+ 1fs 95+ 1fs 105+ 3 fs 90+ 2 fs 93 +2fs
Orientation Set 0° 0° 0° 0° 0°
First pulse Measured +2+6° —2+£2° 0+£5° 2+4° -7£3°
Orientation Set +60° +45° +60° Varied +30°
Second pulse Measured +56 £ 1° +38 £ 6° +55+£3° +14 £ 13°
Ellipticity Set 0.00 0.00 0.00 0.00 0.00
First pulse Measured 0.20£0.09 0.21£0.11 0.24 £0.06 0.18 £0.06 0.16 £0.04
Ellipticity Set 0.00 0.00 0.00 0.00 Varied
Second pulse Measured 0.17 £0.04 0.21 £0.06 0.17 £0.06 0.14 £0.09

a positive impact on many experiments in quantum con-
trol.
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