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 Περίληψη

Στην παρούσα εργασία παρουσιάζεται ένας τρόπος ελέγχου της 

κατανομής τών ηλεκτρονίων στην πρώτη διεγερμένη κατάσταση του 

Ρουβιδίου. 

Χρησιμοποιώντας την τεχνική τροποποίησης παλμών μέσω αλλαγής 

της πόλωσης ενός παλμού της τάξης των φεμπτοδευτερολέπτων  

παρουσιάζεται ένας αποτελεσματικός τρόπος να ελεγχθεί η 

μεταφορά στροφορμής στην πρώτη διεγερμένη κατάσταση του 

Ρουβιδίου. Αυτό επιτεύχθηκε μετρώντας την ικανότητα διέγερσης 

στα επιμέρους μαγνητικά υποεπίπεδα της πρώτης διεγερμένης 

κατάστασης τού Ρουβιδίου.

Οι μετρήσεις πού πάρθηκαν αποτελούν παρατήρηση της εξέλιξης της 

κυματοσυνάρτησης σε πραγματικό χρόνο, πού οφείλεται στην 

αλλαγή της στροφορμής, και για αυτό χρησιμοποιήθηκε η τεχνική 

της χαρτογράφησης ταχυτήτων.

Κάνοντας περαιτέρω ανάλυση πλυθησμού στα επιμέρους μαγνητικά 

υποεπίπεδα της πρώτης διεγερμένης κατάστασης ανκαλύψαμε έναν 

καινούριο τρόπο ελέγχου της μεταφοράς στροφορμής.

Ανακαλύψαμε πώς οι φασματικές ιδιότητες τού παλμού διέγερσης 

πάιζουν σημαντικό ρόλο στην μεταφορά στροφορμής στην πρώτη 

διεγερμένη κατάσταση τού ρουβιδίου.

Όταν βρίσκομαι σε διέγερση σε συντονισμό στην πρώτη διεγερμένη 

κατάσταση η δυναμική στροφορμής δεν μπορεί να εξηγηθεί απόλυτα 

από τις φασματικές ιδιότητες τού παλμού διέγερσης παρ’όλα αυτά 

θα πρέπει να λαμβάνονται υπ’όψιν.

Όταν βρισκόμαστε σε διέγερση σε μη-συντονισμό στην πρώτη διεγε-
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ρμένη κατάσταση η δυναμική στροφορμής περιγράφεται πλήρως 

από τις φασματικές ιδιότητες τού παλμού διέγερσης και μπορεί να 

προβλεφθεί από αυτές.

Τα αποτελέσματα μας δινουν μια νέα διάσταση για τον έλεγχο 

αντιδράσεων ,για οπτικό προσανατολισμό αλλά και για 

προσανατολισμό τού σπίν. 

Επιπλέον καταφέραμε να δείξουμε πώς με ένα τέτοιου είδους 

πείραμα μπορούμε να ελέγξουμε εν - μέρει την κατανομή τών 

ηλεκτρονίων και πιο συγκεκριμένα να δούμε πώς αλλάζουν τα 

τροχιακά σε πραγματικό χρόνο.
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Abstract

In this thesis, coherent control of one-photon excitation in Rb using ultrashort 

laser pulses is discussed. By using polarization-shaping of a hundred femtosec-

ond laser pulse it is possible to control the magnitude of angular momentum in 

excited state in rubidium. This is achieved by controlling excitation efficiencies to 

individual magnetic sub-levels of excited state in rubidium. It is shown, that an-

gular momentum in excited state can be controlled by zero-angular momentum 

laser pulses, containing only linearly polarized spectral components. During a 

resonant two-photon excitation a net angular momentum can be transferred to 

rubidium atoms. However, even during a one-photon excitation angular mo-

mentum in excited state is changing in a nonintuitive way, and transiently can be 

controlled. In this thesis results of coherent control of the transient angular mo-

mentum during a resonant one-photon excitation are discussed. The experi-

mental study was done using pump-probe technique and velocity map imaging. 

The rubidium was excited by a shaped laser pulse and ionized by a probe 

pulse. Using VMI technique the velocity distribution of the photoelectrons was 

measured to characterize the angular momentum in excited state in rubidium. In 

this thesis we present results on real-time observation of the changes of the 

wave-function induced by the angular momentum change during the one-

photon excitation.
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Chapter 1

General Concepts

Velocity map imaging in molecular dynamics

Abstract

In this chapter we present the concepts on which the experimental work and 
discussion of the following chapters is based. Following a brief introduction to 
Molecular Dynamics, we discuss the velocity map imaging technique including 
the improved 2D ion imaging using electrostatic lenses and relevant applica-
tions. We also describe the principles of coherent control relevant to current 
work.   
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1.1 Molecular Dynamics

 Understanding how chemical reactions occur at the molecular level and how to 

control them is of fundamental importance to chemists and interdisciplinary 

areas such as materials science ,nano-science, enviromental  science and 

astrochemistry. Molecular dynamics studies the mechanisms of chemical and 

physical transformations of matter at the molecular level.[1] 

The first step in understanding chemistry is to consider that chemical reactions 
proceed through collisions. During a collision there can be exchange of momen-
tum, energy and mass (atoms or groups of atoms). If only momentum changes, 
the collision is called “elastic”. If there is also exchange of energy, the collision is 
“inelastic”, while exchange of atoms falls into the field of reactive scattering.[2]  
Absorption of one or more photons increases the amount of the internal energy 
of the system and finally it can be released in the form of heat or radiation ( colli-
sional or radiative decay) or can lead to chemical change (photodissociation or 
ionization).

These processes can be denoted symbolically as follows:
 

 AB + C →  AB*(J) + C                     inelastic collisions

AB + C →  (ABC)* → A + BC                  reaction process

AB + hν→ (AB)* →  A + B                            photodissociation

Note that A B and C can be atoms or molecular fragments which can be in in-
ternally excited states. A bimolecular reaction can be considered as a full 
collision event: the reactants come together and from intermediate complex 
(or transition state) after which newly formed products are formed which fly 
apart and photodissociation process can be considered as a half collision 
event: the fragments are also formed from an intermediate complex, but be-
fore photo-excitation the molecule was in a bound state.
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Total cross sections (σ)  for a full collision are generally given as an excitation 
function σ( E col) , a function of collision energies (E col) , while those for a 
half a collision are referred to as absorption cross section σ(ν) , a function of 
photon energies h v , ( or frequency v, wavelength λ) ,  as commonly used in 
spectroscopy. The total cross section , angular distribution and (TKER) total 
kinetic energy release are very important measurements  for molecular dy-
namics.

	 The study of photodissociation processes is from experimental viewpoint 
quite appealing because is made of laser technology that is available at pre-
sent. For example by using a pulsed laser the exact moment of excitation 
can be determined.

 Newton’s Spheres

Let’s consider a general process    AB*  A + B + TKER  where TKER 
(kinetic energy release) is the excess energy left over after parti-
tioning of internal energy in the A and B products. Conservation of en-
ergy and momentum in the kinetic energy leads to partitioning of the 
kinetic energy of the fragments as follows: KEa = (Mb / Mab )* KER 
and KEb =(Ma / Mab )*KER. In this analysis the factor  Mb/ Mab) or 
(Ma/ Mab) will be called the mass partitioning factor. For photoioniza-
tion Me- << Mm+ , thus the photoelectron receives essentially all of 
the  KER , while for photodissociation of a homo-nuclear diatomic re-
actant , the KER is equally shared between the two products.  

Each photodissociation or photoionization process yields two partner 
fragments with equal momenta flying in opposite directions . The 
fragments are thus distributed in space on expanding spheres which 
are called  Newton Spheres for the process[3]. They are called Newton 
Spheres because the fragments have to obey to Newton’s laws of 
conservation of energy and momentum. By repeating the process 
thousands of times, a continuous view of the Newton Spheres 
emerges with a fixed radius and a characteristic intensity pattern on it’s 
surface.
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In the next figure a simple 3-D Newton sphere is shown with polar coordi-
nates r (not shown) θ and φ, where θ is defined with respect to the z-
axis (vertical axis in the figure), φ is the azimuth angle and r the sphere 
radius. There is a fixed time period between formation and projection 
of the sphere, thus the sphere radius is directly proportional to velocity. 
Most of the surface intensity of this sphere is at the poles, representa-
tive of a typical cos2θ distribution.  Projection of the sphere onto a 2D  
surface will then form  a filled circle with most of the intensity at the top 
and bottom outside edges of the circle. 

 newton sphere...

fig 1 :  (a) a pair of newton spheres with spherical coordinates r (not shown), θ and φ where θ 
is the polar angle with respect to the z axis , φ azimuthal angle and r sphere radius. Two 
events are  shown in a with equal and opposite momentum (b) by summing up a large 
number of events(here for particle B) , a surface pattern emerges as shown. Most of the 
surface intensity of this examples is at the poles, representative of a cos2θ distribution. 
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The distribution of a particle on a Newton’s sphere is often anisotropic.  In 
the case of photodissociation, there is often an anisotropic distribution 
of fragments with respect to the laser polarization direction( see next 
section) . In the case of imaging electrons emerging from a  photoioni-
zation process, this distribution describes , the ejected electron waves 
which are coherent sums of the possible s, p, d, f ... wave-functions. 
(next section).
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1.2 Ion and Velocity Map Imaging (VMI)

Ion imaging techniques have proven to be of  high value  in the field of molecular 
reaction dynamics and are among the current state of the art techniques in the 
field. Imaging techniques provided the capability of probing full 3D particle dis-
tributions in a single image, which has the advantage of simultaneous detection 
of  the kinetic energy release (KER) and the angular distribution of the particles 
(ions or electrons) of all velocities. The “traditional” ion imaging technique was 
widely applicable and compared well with the conventional time-of-flight (TOF) 
methods, however it lacked in resolution. The development of Velocity Map Im-
aging (VMI) of ions and electrons using electrostatic lenses, was a major im-
provement to 2D imaging and improved the resolution which really established 
imaging as a state of the art Molecular Dynamics technique.

In this section the technique of Velocity Map Imaging is outlined.[4] In the next 
picture the principle of the technique is illustrated.
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In this section the technique of velocity map imaging is outlined.[4] In the next 

picture the principle of the technique is illustrated.

fig 2 ; the velocity map imaging technique is illustrated in this picture and angular distributions from 

images are obtained 

The photodissociation or photoionization process takes place at the center of 

an electrostatic lens ( not shown) in this picture, where a molecular beam is 

crossed with a focused laser. The fragments are projected on expanding 
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spheres (cylindrically symmetric) around the polarization axis which move with 

the thermal velocity of the molecular beam. Using a second laser beam the 

fragments can be projected as ions using a REMPI ( resonant enhanced multi-

photon) ionization scheme).[5] The ions  are flying in a time-of-flight (TOF)  tube 

[6] and at the and they hit an imaging detector which consists of micro-channel 

plates(MCP’s) [7]  and phosphor screen. So this detector converts every ion into 

a spot on the phosphor screen. By recording the events on the phosphor 

screen using a CCD camera, images are obtained.

The image we obtain is a 2D projection of the initial 3D recoil velocity distribution 

of the selected fragment, thus we obtain crushed Newton spheres. By using the  

inverse Abel transform algorithm( or an equivalent reconstruction method) we 

can obtain the 3D distribution again. 

A useful information that can be extracted from VMI technique is speed 
distribution . Considering this process AB + nhv→ (AB*)→ A + B + TKER , 
molecule AB is excited upon absorption of one photon and fragments A and B 
are produced having total kinetic energy release (TKER). From conservations 
laws follows :T = TA + TB = nhv − D0 (AB) − Eint (A) − Eint (B) , where D is the dissociation 
energy and E is the internal energy of the fragments, n.hv is the photon energy. 
When neglecting thermal motion, conservation of momentum leads to 
mAVA + mBVB = 0  , and this leads to simple speed and kinetic energy ratios 
UA

UB

=
mB

mA

=
TB
TA

. TKER therefore is subdivided among the fragments 

TA =
mB

M
T ,TB =

mA

M
T . Therefore , by studying the kinetic energy release or speed 

distribution of just one fragment, TKER can be extractedT =
1
2
µU 2 , where 

µ = (mA / mB )
M , the reduced mass andU =UA +UB , relative speed.

Another important information that can be extracted from the VMI technique is 

the angular distribution of the photo-fragments . Angular distributions can 

contain information of the photo-excitation as well as for the dynamical 

process .If a parent molecule is excited through an electric dipole transition, the 

transition dipole moment( μ )  lies parallel to the electric vector e.. For instance 

for a parallel transition (Σ-Σ , Π-Π)  the transition moment  ( μ ) lies parallel to the 
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internuclear axis which leads to a preferential excitation of molecules with the 

internuclear axis aligned parallel to the laser polarization. If the recoil time of the 

fragment is short compared to the parent’s molecule rotation time, (that means 

direct dissociation) thus parallel to the laser polarization (cos2θ distribution) .A 

transition Σ-Π yields to a sin2θ  distribution. If the transition has  a mixture of 

parallel  and perpendicular character, the angular distribution will be less 

anisotropic. The angular distribution is given from the equation shown in the 

figure above where β is the anisotropy parameter , P2  is the second order 

Legendre polynomial and θ is the angle.

In the figure above all the situations described in the paragraph above are 

shown. A parallel transition  where β = 2, a perpendicular transition where          

β = -1 and and an isotropic distribution in space where β = 0 .

VMI Experimental Set-up
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fig 3: The experimental set up is shown in the figure and as we already mentioned two crossed 

beams , a molecular beam and a laser beam crate ions which are accelerated in a time-of -flight tube 

(TOF), so ion trajectories are created and finally  hitting a detector consisting  MCP’s and a phosphor 

screen. Light emitted from the phosphor screen is finally integrated in the CCD camera

 To optimize the performance of the velocity map imaging method one needs to 

improve the spatial quality of the 2D image, since the mapping of 3D 

distributions of charged particles onto  2D detector is dependent on the 

electrode configuration used. So we are about to demonstrate the conventional 

grid electrodes set-up versus three plate electrostatic lens with open 

electrodes . It shall be pointed how this lens avoid distortions commonly 

present in imaging with grids. It turns out that the ion lens can be operated such 

that particles with the same initial velocity are mapped onto the same point on 

the detector. The heart of velocity map imaging technique is the use of 

electrostatic lens .

The performance of velocity map imaging requires the following:

1.  The cloud of charged particles should be collapsed in one dimension along 

the TOF axis for each mass formed. This implies minimum spread in time of 

flight of the cloud so that the mass selectivity and homogeneous  detection 

sensitivity for all particles in the cloud is achieved.

2.   The size of the image must be linearly proportional to the expansion speed 

for any kinetic energy release.

3.  Dependencies  on shapes and propagation directions of molecular and laser 

beams should be minimized. This means that any blurring of the image 

related to the size of the ionization volume should be kept as small as 

possible.

Several ion optics configurations have been used in the past like , Willey and 

Mc-Laren set-up,[8], repeller plate with two grid electrodes (extractor and 

ground), a conventional imaging set-up,[9] , repeller with one grid electrode and 
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velocity map imaging set-up[10],[11] , repeller with open extractor and ground 

electrodes.

The first configuration it has proven to be useful with time of flight, yielding in a 

high mass resolution by space focusing. However two grids distort the ion 

trajectories to a large extent and reduce the transmission.

Also commonly applied in imaging applications is the single-grid set-up. By 

reducing the number of grids less distortion to the ion/electron trajectories 

appears and a higher transmission is achieved.	Although , deviations of the 

trajectories still occur and the image still is blurred.

Finally in the velocity map imaging set-up, using open  lens electrodes the 

problems are solved. 100% transmission is reached and trajectory deflections 

will not occur. By making use of open electrodes the equipotential surfaces are 

bent and can be adjusted by changing the extractor voltage. In this way the 

electrode configuration act as an electrostatic lens.

Applying this configuration less distortions occur and the images are focused 

sharply on the imaging detector plane for any length of the time -of -flight tube.

In the next figure the difference is shown. 

fig 4 : ion imaging versus velocity map imaging is shown, also the distortions in images are shown
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Figure 5: an image of  O+ ions from dissociation at 225.0 nm is shown.[13]

1.3 Coherent Control

In this section coherent control is discussed. Coherence in physics is a property 

of waves that enables stationary interference. More generally , coherence 

describes all properties of the correlation between physical quantities of a wave.

Coherent control is very popular in chemical dynamics as it can control a 

chemical reaction usually by using a shaped ultrashort laser pulse. By exciting 

one bond ,  the bond vibrates . However few fs later the entire molecule 

vibrates. Long pulses excite the entire molecule and the weakest bond breaks , 

no matter which bond was excited. In contrast with ultrashort laser pulses 

which have the ability to localize the energy in the bond of interest.  With 

coherent control in combination with ultrashort laser pulses we can vibrate a 

molecule in a such a way as to break the bond of interest .

When interfering, two waves can add together to create a larger wave 

( constructive interference) or subtract from each other to create a smaller wave 

22



(destructive interference) , depending on their relative phase. Two waves are 

said to be coherent if they have a constant relative phase. [13] 

Coherent control is a quantum mechanical based method for dynamical 

processes with light, employing quantum interference phenomena which are 

controlled by shaping the phase of laser pulses [14]

Quantum contro l s t rateg ies 

making use of tailored ultrashort 

l ight pulses are enormously 

successful to manipulate a great 

variety of physical and chemical 

properties of matter.

The operating system of chemical 

reaction control is shown in the 

next figure.

fig 6 : operating principle of coherent control exerted on photochemical reaction involving the 

ground and excited state Potential Energy Surface(PES) of a molecule A-B. (a) example of 

reaction pathways on the unperturbed excited state PES (b) a new pathway on the PES 

modified by the interaction with a shaped strong laser field (bottom) gives rise to a reaction 

channel inaccessible in weak laser fields.

Upon excitation, a wave packet is created in the excited potential energy 

surface (PES) of a molecule AB. Multiple pathways (a) such as dissociation , 

relaxation via conical intersections are available to form sometimes unwanted 

reaction products or dissipate the excitation energy. To steer this process 

coherent control schemes have been devised to manipulate the initial position 

and momentum of the excited state wave-packet in order to select one of the 
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accessible pathways via shaped laser pulses. Strong shaped laser pulses open 

new pathways by modifying the excited state PES via AC Stark-Shifts as shown 

in figure (b)..These pathways on the light induced potentials open new reaction 

channels which are inaccessible in weak laser fields. This combination of pulse 

shaping( chapter 2) with closed loop adaptive feedback learning algorithms 

allows to optimize virtually any conceivable observable

In conclusion coherent control in chemistry attempts to control a chemical 

reaction with light using an ultrashort laser pulse. It is an active broad field of 

research. One of the most beautiful  results of coherent control in combination 

with ultrashort laser pulses is electron waves as coherent sums of the s,p,d,f 

wave-functions or watch wave-functions and their contribution by changing the 

polarization in real time .

A lot’s of simple methods have been developed for chemical reactions. Some of 

them are the following:

fig 7: Brumer and Shapiro, Tannor-Kosloff-Rice , Bergmann et al coherent control schemes

These methods often work but they are not general.
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Brumer-Sapiro [15], Tannor-Kosloff-Rice [16] .

Brumer - Saphiro

Active control in the frequency domain has been beautifully demonstrated by 
Brumer and Shapiro. They proposed to use two or more continuous wave (cw) 
fields to coherently interfere with a degenerate molecular doorway state which 
may lead to two or more final possible outcomes of a reaction.
In the Brumer-Saphiro coherent control scheme, the selectivity of a particular 
reaction channel is regulated by the relative phase amplitude and polarization 
of two or more incident continuous wave fields.
This coherent control scheme has been also used experimentally in a lots of 
studies.[15]

Tannor -Rice -Kosloff 

In this coherent control scheme reaction selectivity is achieved by proper tim-
ing of the second (dump) light pulse to coincide with the evolution of a pump-
dumped molecule into desired product frank Condon region. It consists  of a 
simple time domain control which has been performed for several applications.
In Tannor-Rice original work, the shape of dump field was also optimized with 
respect to a fixed pump field in the weak response regime. [16] , [17]

Bergmann at al.

 In STIRAP (stimulated Raman Adiabatic Passage ) coherent control , a 
method of using partially overlapping pulses (from dump and Stokes laser) to 
produce complete population transfer between two quantum states of an atom 
or molecule.
STIRAP  is a technique usually used in a three-level atomic systems in interac-
tion with two laser pulses to transfer coherently the atomic population between 
the two ground states.
Using STIRAP technique all the population can be transfered from one state to 
another without populating the intermediate state. The high efficiency of this 
coherent technique has motivated a lots of applications . [18]
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Coherent momentum transfer
 
In this thesis , momentum transfer via coherent population transfer within mag-
netic sub-levels induced by linearly and circularly polarized radiation is dis-
cussed.
Manipulation of magnetic order requires angular momentum transfer. It has 
been reported that excitation of a medium with a femtosecond laser pulse
results in a large change of angular momentum in magnetic subsystems at the 
suprisingly fast time scale of the laser pulse.
One photon excitation of rubidium atoms to individual magnetic sub-levels are 
investigated using linearly and circularly polarized shaped laser pulses and we 
show that coherence between linearly-circularly polarized waves at different 
frequencies leads to creation of angular momentum. ( more details in the last 
chapter)
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Chapter 2

Velocity Map Imaging ( describing the apparatus)

Abstract

In this chapter the apparatus of velocity map imaging for Rb is described. The 

femtosecond laser Ti:sapphire is illustrated, VMI apparatus and Rubidium oven 

are described and at last the basics for pulse shaping are demonstrated . 
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2.1 Velocity Map Imaging apparatus (Rb)

In this section the VMI apparatus used for Rb experiment is illustrated. The set-

up is quite different from the VMI set-up described in the first chapter.

A schematic view of the apparatus is shown below.

fig 1 :The experimental setup.
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To carry out our experiments, which are described in the last chapter, we used 

specific experimental set-up.

It consists of one chamber into which takes place the ionization of rubidium 

atoms through a rubidium oven. The detection takes place also into the same 

chamber . 

Experiments require high vacuum pressure (10-6 Torr ) in order to avoid 

undesirable impacts which may affect the results . 

How Rb atoms are formed?        

Inside the chamber there is a rubidium oven into which a beam of rubidium 

atoms is formed .

With this design , the aim is to produce the highest possible excited-atom 

density.

The oven consists of a high temperature emitting source supplied with Rb via 

capillary action through a tightly wound stainless steel mesh.

A copper crucible surrounds the high temperature emitting source , to collect 

the most of the emitted Rb into a cool reservoir maintained at just above the Rb 

melting point.

The high temperature emitting source relies on a temperature gradient between 

Rubidium’s emissive region and the rubidium reservoir.

This gradient is maintained by heating the high temperature emitting source and 

cooling the crucible.

The crucible temperature is kept at 60 -80 0C  well above the 39,5 0C melting 

point.

High temperatures are avoided to minimize Rb loss and to maintain a low vapor 

pressure in the reservoir to reduce contamination of the surrounding vacuum 

chamber . 
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fig 2 : Rubidium oven ( front side)

fig 3 : Rubidium oven (upper side )
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Continuing with the experimental set-up  , it consists also a gate valve , normally 

used to produce pulsed molecular beams. 

The valve is one hollow cylinder with a screw edge. In the back side of the valve 

there is MHV connector and a tube for the entrance of Rb.  

The electrodes used for this set up is  repeller ( R ) , extractor ( E ) , ground 

electrode (G ) and a phosphor  screen, (fig . 1 ) .

The detection of Rb atoms is based on the use of two MCP’s ( micro-channel 

plates) , MCP front and back.

The voltages applied on the electrodes are 2kV on the repeller , 1.8kV on the 

extractor and 3.5 kV on the phosphor  screen , 0.7 kV on the MCP front and 

1.5 kV on the MCP back .

Rubidium atoms are projected to a computer which is connected with a high 

resolution CCD camera. 

 33



2.2 Femtosecond laser Ti:sapphire 

Femtosecond lasers are illustrated in this section . The ability of femtosecond 

lasers to induce ultrashort pulses in the order of 10−15  sec. is widely applicable

In optics, an ultrashort pulse of light is an electromagnetic pulse whose time 

duration is on the order of the femtosecond. Such pulses have a broadband 

optical spectrum and can be created by mode-locked oscillators [4]. They are 

commonly referred as ultra-fast events.

They are characterized by a high peak intensity, that usually leads to non-linear 

interactions in various materials.

Ultra-short refers to femtosecond( fs)  or picosecond (ps) although such pulses 

no longer hold the record for the shortest pulses generated. Pulse durations on 

the atto-second time scale have been reported [5].

Most common femtosecond lasers are the Ti:sapphire lasers also known as  

Ti:Al2O3 lasers, titanium sapphire lasers or simply Ti:sapphs which are tunable 

lasers [6] which emit red and near-infrared light in the range from 650 to 1100 

nm. These lasers are mainly used because of their tunability and their ability to 

generate ultrashort pulses.

The types of Ti:sapphire ,

Mode-locked oscillators

Mode-locked oscillators generate ultrashort pulses with a typical duration 

between 10 femtoseconds and a few picoseconds.

The pulse repetition frequency is in most cases around 70-90 MHz .Ti:sapphire 

oscillators are normally pumped  with a continuous wave laser beam from an 

argon or a frequency doubled Nd:YVO4 laser. Such an oscillator has an average 

output power of 0.5 to 1.5 Watt.
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Chirped-pulse amplifiers

These devices generate ultrashort, ultrahigh intensity pulses wit a duration of 

20-100 fs. A typical one stage amplifier can produce pulses  up to 5 millijoules 

in energy at a repetition frequency of 1000 Hz . Usually amplifier crystals are 

pumped with a pulse frequency doubled Nd:YLF laser at 527 nm to 800 nm.

Two different designs exist for the amplifier , regenerative amplifier and multi-

pass amplifier.[7] , [8]

 Regenerative amplifiers operate by amplifying single pulses from an oscillator. 

Instead of a normal cavity with a partially reflective mirror , they contain high-

speed optical switches that insert a pulse into a cavity and take the pulse out of 

the cavity exactly at the right moment when it has been amplified to a high 

intensity.

Tunable Continuous wave lasers

Titanium sapphire is especially suitable for pulsed lasers since an ultrashort 

pulse inherently contains a wide spectrum of frequency components. This is 

due to the inverse relationship between the frequency bandwidth of a  pulse 

and its time duration, due to there being conjugate variables. However with an 

appropriate design , titanium sapphire can also be used in continuous wave 

lasers with extremely narrow linewidths tunable over a wide range. 
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Titanium -doped sapphire Ti+3 , is 

widely  used transition metal -

doped gain medium for tunable 

lasers

               

fig 2: Ti sapphire crystal      

Properties of Ti:sapphire            

                                                                                                              

Sapphire ( mono-crystalline Al2O3 ) has an excellent thermal conductivity, 

alleviating thermal effects even for high laser powers and intensities.

Ti+3  ion has a very large gain bandwidth allowing the generation of very short 

pulses and also wide wavelength tunability. The maximum gain and laser 

efficiency are obtained around 800 nm.  Possible tuning range is 650 nm to 

1100 nm but different mirror sets are normally required for covering this huge 

range 

There is also a wide range of possible pump wavelengths  which however are 

located in the green spectral region. 

In most cases, several watts of pump power are used , even 20 watts. Originally 

Ti:sapphire lasers were pumped with 514 nm argon ion lasers which are 

powerful but very inefficient.

36



Other kinds of green lasers  are now available and frequency doubled solid state 

lasers based on neodymium doped gain media. The pump wavelengths 

typically 532 nm . 

The upper state lifetime of Ti:sapphire is short (3.2 μs) and the saturation 

power is very high. This means that the pump intensity needs to be high, so 

that a strongly focused pump beam and then a pump source with high beam 

quality is required.

Despite huge emission bandwidth, Ti:sapphire lasers have relatively high  laser 

cross sections, which reduce the tendency of Ti:sapphire lasers for Q-switching.

[9]

Pulse generation

Ultrashort pulses from Ti:sapphire lasers can be generated by passive mode-

locking[10]  usually in the form of Kerr lens[ 11] mode locking [12] (KLM)

The combination with a SESAM [13] (semiconductor saturable absorber 

mirrors ) [13] allows self-starting pulse generation.

A pulse duration around 100 fs is easily achieved . For a high performance it’s 

essential to introduce very precise dispersion compensation with double chirped 

mirrors.

Typical output powers of mode-locked Ti sapphire lasers are on the order of 0.3 

-1 W . A typical pulse repetition rate is 80 MHz.
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Our Femtosecond laser

fig 3: In the scheme our femtosecond set-up is illustrated.

The femtosecond Ti:sapphire laser used for this work consists of:

1) a pump laser, Verdi. Its a continuous wave solid state laser , operating at 532 

nm , which induces output power to 18 W. It is used primarily in Ti:sapphire 

oscillator pumping application. It is characterized from low optical noise, 

(<0.03% rms ) which makes it the highest pump diode-to-green efficiency 

pump laser. With the AAA( aluminum free active area) diode modules located 

inside the power supply and delivering pump light via  a patented single core 

pump fiber to the laser head the resulting homogenized pump beam profile 

provides superior beam quality during the entire lifetime of the pump module. 

The beam diameter is 2.25± 10% mm and the polarization is vertical. 

2) It consists also from an oscillator: Micra -18 Ti:sapphire oscillator. Micra 

oscillators are compact and they provide a broad spectral bandwidth. 
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Featuring an integrated Verdi pump laser, these oscillators are available in 

three pump power configurations 5W, 10W , 18W . The Micra 18 is a special 

configuration that provides both the mode-locked beam and a separate 

green pump beam for applications such as continuous wave pumping of our 

Reg A regenerative amplifier(next section). It is characterized from average 

mode-locked power less than 350 mW at 800 nm and CW(continuous 

wavelength ) output power less than 12W. The beam diameter is 0.5 mm .

3) The configuration also consists from a pulse compressor, which can be 

considered as an oscillator   accessory of the oscillator. Pulse compressors 

temporally compress the broadband pulses from the oscillators ( Micra -18 ) 

enabling operation very close to the transform limit.  By adding Group 

Velocity Dispersion( GVD) , pulse compressors also  allow to pre-compensate 

for the dispersion introduced when downstream optics are added in order to 

shorten the pulse width at the sample. For Micra -18 the pulse compressor 

used is SPO-2 . 

4) The last part of the laser is an amplifier used to amplify the beam. Here a Reg 

A 9050 , regenerative amplifier is used. It is a high repetition rate 

femtosecond Ti:sapphire amplifier. It is a  continuous wavelength regenerative 

amplifier with repetition rate up to 300 kHz. The Reg A 9050 provides a 

unique range of performance for Ti:sapphire amplifiers. It’s CW pumping 

stable , near diffraction limited output beam with energy >3 μJ at 250 kHz . 

At this high repetition rate data acquisition is faster. Reg A 9050 is designed 

to amplify seed pulses from Micra ultra-fast oscillators. For oscillator/amplifier 

split-pump  beam configurations the specified pump laser  for Reg A is Verdi . 

The Micra 18 which intergrates the seed  oscillator and an amplifier pump 

into one package, forms the most compact configuration. Reg A 9050 uses 

one unit for the amplifier and a second unit for the strecher and compressor. 

Each pulse energy is up to 6 μJ  and the average power is 1.5 W. For a 

typical Reg A 9050 the pulse width is 80 fs. [14]
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2.3 Pulse shaper

Nowadays , creating ultrashort pulses in the picosecond and femtosecond 

range, is really important.

Focus, on this thesis is femtosecond pulse shaping. Over the past decade 

powerful optical waveform synthesis ( or pulse shaping) methods have been 

developed.

Femtosecond lasers constitute the world’s best pulse generators while pulse 

shaping is the short pulse optical analog to electronic functions generators 

which widely provide electronic square waves triangle waves , and indeed 

arbitrary user specified waveforms.

Here we concentrate on the method , in which waveform synthesis is achieved 

by spatial masking of the spatially dispersed optical frequency spectrum.

We will be particularly interested in pulse shaping using spatial light modulators 

(SLM’s) , where SLM allows reprogrammable waveform generation under 

computer control.

Femtosecond pulse shaping basics

It is based on linear time invariant filter, a concept well known in electrical 

engineering [15]. 

Linear filtering is commonly used to process electrical signals ranging from low 

frequencies ( audio and below) to very high frequencies ( microwave).

We apply linear filtering to generate specially shaped optical waveforms on ps or 

fs time scale.

Linear filtering can be described in frequency or time domain
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describes early results on femtosecond pulse shaping using

fixed masks and related experiments on picosecond pulse

shaping performed in the context of nonlinear pulse com-

pression, and Refs. 25 and 26, which include citations to

recent results on pulse shaping as well as holographic and

nonlinear pulse processing.

This review article is organized as follows. In Sec. II we

discuss the basics of femtosecond pulse shaping, including a

description of the apparatus, examples of pulse shaping re-

sults using fixed spatial masks, important results from the

theory of pulse shaping, and instrument control, alignment,

and pulse measurement issues. In Secs. III and IV we discuss

programmable pulse shaping using liquid crystal SLMs and

acoustic-optic modulators, respectively; these are the two

types of SLMS which are most widely applied for femtosec-

ond pulse shaping. Section V summarizes the relative advan-

tages and disadvantages of liquid crystal and acousto-optic

SLMs for pulse shaping. Section VI covers developments in

deformable, movable, and micromechanical mirrors for pulse

shaping applications. These special mirror based approaches

for programmable pulse shaping, while important, are not yet

as completely developed as the liquid crystal or acousto-

optic approaches, and for this reason are not included for

comparison in Sec. V. In Sec. VII we discuss further direc-

tions in femtosecond pulse shaping, including shaping of in-

coherent light, integration, direct space-to-time pulse shap-

ing, and generalized pulse shapers for holographic and

nonlinear pulse processing. We conclude in Sec. VIII by sur-

veying some of the applications of femtosecond pulse shap-

ing, including optical communications, dispersion compensa-

tion, laser control of terahertz radiation, coherent control of

quantum mechanical processes, and laser-electron beam in-

teraction physics.

II. FEMTOSECOND PULSE SHAPING BASICS

A. Linear filtering

The femtosecond pulse shaping approach described in

this article is based on the linear, time-invariant filter, a con-

cept well known in electrical engineering. Linear filtering is

commonly used to process electrical signals ranging from

low frequencies !audio and below" to very high frequencies
!microwave". Here we apply to linear filtering to generate
specially shaped optical waveforms on the picosecond and

femtosecond time scale. Of course, the hardware needed for

programmable linear filtering of femtosecond laser pulses

looks very different from the familiar resistors, capacitors,

and inductors used for linear filtering of conventional elec-

trical signals.

Linear filtering can be described in either the time do-

main or the frequency domain, as depicted in Fig. 1.27 In the

time domain, the filter is characterized by an impulse re-

sponse function h(t). The output of the filter eout(t) in re-

sponse to an input pulse e in(t) is given by the convolution of

e in(t) and h(t)

eout! t "!e in! t "*h! t "!! dt!e in! t!"h! t"t!", !2.1"

where * denotes convolution. If the input is a delta function,

the output is simply h(t). Therefore, for a sufficiently short

input pulse, the problem of generating a specific output pulse

shape is equivalent to the task of fabricating a linear filter

with the desired impulse response. Note that instead of the

term ‘‘impulse response function,’’ which is common in

electrical engineering, h(t) may also be called a Green func-

tion, which is a common terminology in some other fields.

In the frequency domain, the filter is characterized by its

frequency response H(#). The output of the linear filter
Eout(#) is the product of the input signal E in(#) and the
frequency response H(#)—i.e.,

Eout!#"!E in!#"H!#". !2.2"

Here e in(t), eout(t), and h(t) and E in(#), Eout(#), and
H(#), respectively, are Fourier transform pairs—i.e.,

H!#"!! dt h! t "e"i#t !2.3"

and

h! t "!
1

2$ ! d# H!#"ei#t. !2.4"

For a delta function input pulse, the input spectrum E in(#) is
equal to unity, and the output spectrum is equal to the fre-

quency response of the filter. Therefore, due to the Fourier

transform relations, generation of a desired output waveform

can be accomplished by implementing a filter with the re-

quired frequency response. Our pulse shaping approach is

described most naturally by means of this frequency domain

point of view.

B. Pulse shaping apparatus and pulse shaping
examples using fixed masks

Figure 2 shows the basic pulse shaping apparatus, which

consists of a pair of diffraction gratings and lenses, arranged

in a configuration known as a ‘‘zero dispersion pulse com-

pressor,’’ and a pulse shaping mask.28 The individual fre-

quency components contained within the incident !usually
but not always bandwidth limited" ultrashort pulse are angu-
larly dispersed by the first diffraction grating, and then fo-

cused to small diffraction limited spots at the back focal

plane of the first lens, where the frequency components are

FIG. 1. Pulse shaping by linear filtering. !a" Time-domain view. !b" Fre-
quency domain view.

1930 Rev. Sci. Instrum., Vol. 71, No. 5, May 2000 A. M. Weiner

Downloaded 31 May 2010 to 131.174.19.251. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp

fig 4: pulse shaping by linear filtering (a) time domain view, (b) frequency domain view

The output of  a filter is described by the following equation :

eout (t) = ein (t)
*h(t) ,.

Due to Fourier transform relations[16], generation of a desired output waveform 

can be accomplished by implementing a filter with the required frequency 

response.

Our pulse shaping  approach is described most naturally by means of this 

frequency domain point of view.

Pulse shaping apparatus-pulse shaping examples (fixed masks)

spatially separated along one dimension. Essentially the first

lens performs a Fourier transform which coverts the angular

dispersion from the grating to a spatial separation at the back

focal plane. Spatially patterned amplitude and phase masks

!or a SLM" are placed in this plane in order to manipulate the
spatially dispersed optical Fourier components. After a sec-

ond lens and grating recombine all the frequencies into a

single collimated beam, a shaped output pulse is obtained,

with the output pulse shape given by the Fourier transform of

the patterned transferred by the masks onto the spectrum.

In order for this technique to work as desired, one re-

quires that in the absence of a pulse shaping mask, the output

pulse should be identical to the input pulse. Therefore, the

grating and lens configuration must be truly free of disper-

sion. This can be guaranteed if the lenses are set up as a unit

magnification telescope, with the gratings located at the out-

side focal planes of the telescope. In this case the first lens

performs a spatial Fourier transform between the plane of the

first grating and the masking plane, and the second lens per-

forms a second Fourier transform from the masking plane to

the plane of the second grating. The total effect of these two

consecutive Fourier transforms is that the input pulse is un-

changed in traveling through the system if no pulse shaping

mask is present.

Note that this dispersion-free condition also depends on

several approximations, e.g., that the lenses are thin and free

of aberrations, that chromatic dispersion in passing through

the lenses or other elements which may be inserted into the

pulse shaper is small, and that the gratings have a flat spec-

tral response. Distortion-free propagation through the ‘‘zero

dispersion compressor’’ has been observed in many experi-

ments with pulses down to roughly 50 fs—see for example

Refs. 28 and 29. For much shorter pulses, especially in the

10–20 fs range, more care must be taken to satisfy these

approximations. For example, both the chromatic aberration

of the lenses in the pulse shaper and the dispersion experi-

enced in passing through the lenses can become important

effects. However, by using spherical mirrors instead of

lenses, these problems can be avoided and dispersion-free

operation has been obtained.30

The first use of the pulse shaping apparatus shown in

Fig. 2 was reported by Froehly, who performed pulse shap-

ing experiments with input pulses 30 ps in duration.23 Re-

lated experiments demonstrating shaping of pulses a few pi-

coseconds in duration by spatial masking within a fiber and

grating pulse compressor were performed independently by

Heritage and Weiner;31–33 in those experiments the grating

pair was used in a dispersive configuration without internal

lenses since grating dispersion was needed in order to com-

press the input pulses which were chirped through nonlinear

propagation in the fiber. The dispersion-free apparatus in

Fig. 2 was subsequently adopted by Weiner et al. for ma-

nipulation of pulses on the 100 fs time scale, initially using

fixed pulse shaping masks28 and later using programmable

SLMs.34,35 With minor modifications, namely, replacing the

pulse shaping lenses with spherical mirrors, pulse-shaping

operation has been successfully demonstrated for input

pulses on the 10–20 fs time scale.30,36–38 A fiber-pigtailed

pulse shaper, with fiber-to-fiber insertion loss as low as 5.3

dB, has also been reported for 1.55 #m operation for optical
communications applications.39–41 The apparatus of Fig. 2

!without the mask" can also be used to introduce dispersion
for pulse stretching or compression by changing the grating-

lens spacing. This idea was introduced and analyzed by

Martinez42 and is now extensively used for high-power fem-

tosecond chirped pulse amplifiers.22,43

Pulse shaping using programmable SLMs will be dis-

cussed beginning in Sec. III. Here we present several ex-

amples using fixed spatial masks, the masking technology

employed in early femtosecond pulse shaping experiments.

Fixed masks can provide excellent pulse shaping quality and

have been employed in experimental applications of pulse

shaping in nonlinear fiber optics, fiber communications, and

ultrafast spectroscopy. Disadvantages of fixed masks are that

they do not easily provide continuous phase variations !bi-
nary phase variations are fine" and that a new mask must be
fabricated for each experiment.

Figure 328 shows intensity cross-correlation traces of

waveforms generated by using an opaque mask with two

isolated slits, resulting in a pair of distinct and isolated spec-

tral peaks. Note that the intensity cross-correlation traces ap-

proximately provide a measurement of optical intensity ver-

sus time—see Sec. II G for further explanation. The two

frequencies interfere in the time domain, producing a high-

frequency optical tone burst. The 2.6 THz period of the in-

tensity modulation is identical to the separation of the se-

lected frequency components and corresponds to a period of

only 380 fs. We have also performed experiments using an

additional phase mask to impose a $ phase shift between the
two spectral components. The resulting waveform is shown

in Fig. 3 as the dotted line. The two distinct frequencies still

interfere to produce a tone burst. However, the $ phase shift

FIG. 2. Basic layout for Fourier transform femtosecond pulse shaping. FIG. 3. Intensity cross-correlation traces of optical tone bursts resulting

from a pair of isolated optical frequency components. Solid: optical frequen-

cies in phase. Dotted: optical frequencies phase shifted by $.
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fig 5: basic layout for fourier transform femtosecond pulse shaping
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This pulse shaping apparatus consists  of  a pair of diffraction gratings and 

lenses arranges in a configuration known as zero-dispersion pulse compressor 

and a pulse shaping mask. Frequency components contained within the 

incident ultrashort pulse are angularly dispersed by the first diffraction grating 

and then focused to  small diffraction limited spots at the back focal plane of the 

first lens, where the frequency components are spatially separated along one 

dimension.

Essentially the first lens perform a Fourier transform which converts the angular 

dispersion from the grating to a spatial separation at the back focal plane. 

Phase masks are placed in this plane in order to manipulate the spatially 

dispersed optical Fourier components. After a second lens and grating 

recombine all the frequencies into a single collimated beam a shaped output 

pulse is obtained, with the output pulse shape given by the Fourier transform of 

the pattern transferred by the masks onto the spectrum ( absence of the mask 

the input pulse is identical to the output pulse).

The grating and the lens must be free of dispersion. This can be guaranteed  if 

lenses  are set-up as a unit magnification telescope with grating located at the 

outside focal plane of the telescope.[17]

Programmable pulse shaping using liquid crystal SLMs (LC SLMs)

We now proceed to discuss programmable pulse shaping using liquid crystal as 

a programmable mask.

must carefully characterize the reference pulse, e.g., by using

FROG, as noted earlier.87 On the other hand, if the reference

pulse is already known to be approximately bandwidth lim-

ited, then one can get the approximate spectral phase of the

shaped pulse without characterizing the reference pulse. The

accuracy of this approach of course depends on how good

the reference pulse is. However, in some situations one is

only interested in characterizing the relative spectral phase

between shaped and reference pulses; the exact form of the

shaped pulse is not of interest, and therefore, the phase of the

reference pulse is not relevant. This situation applies for ex-

ample when one uses spectral interferometry to measure the

dispersion of an optical component or subsystem placed in

one arm of an interferometer. This approach has been used

for characterization of a pulse shaper response to broadband

incoherent light illumination100 and for characterization of

dispersion-compensated fiber links suitable for nearly

dispersion-free femtosecond pulse transmission.101

III. PROGRAMMABLE PULSE SHAPING USING LIQUID
CRYSTAL SLMs „LC SLMs…

We now proceed to discuss programmable pulse shaping

using LC SLMs as a programmable mask. Pulse shaping

using other programmable mask technologies, such as

acousto-optic modulators, will be discussed in subsequent

sections. Note that some of the discussion in this section,

such as SLM construction, is specific to pulse shaping using

LC arrays, whereas other aspects of the discussion, e.g.,

pulse shaping using phase-only filtering, cover concepts that

are also applicable to pulse shaping using other SLM tech-

nologies.

A. Pulse shaping using electronically addressed
liquid crystal modulator arrays

Liquid crystal modulator !LCM" arrays have been pri-
marily configured for either phase-only or phase-and-

amplitude operation in pulse shaping applications. Figure 14

depicts an apparatus for programmable pulse shaping using a

LC SLM in phase-only operation.34,35 Compared to pulse

shaping setups using fixed masks, the main differences are

that the fixed masks are replaced by the LC SLM, and a pair

of half-wave plates are used to rotate the polarization in or-

der to match that required by the modulator array. The LC

array allows continuously variable phase control of each

separate pixel !whereas fixed masks usually provide only bi-
nary phase modulation" and allows programmable control of
the pulse shape on a millisecond time scale.

Figure 15 shows a schematic of an electronically ad-

dressed, phase-only LC SLM.35 A thin layer of a nematic

liquid crystal is sandwiched between two pieces of glass.

The nematic liquid crystal consists of long, thin, rod-like

molecules, which in the absence of an electric field are

aligned with their long axes along the y direction. When an

electric field is applied !in the z direction", the liquid crystal
molecules tilt along z, causing a refractive index change for

y-polarized light. A maximum phase change of at least 2# is
required for complete phase control. In order to apply the

required electric field, the inside surface of each piece of

glass is coated with a thin, transparent, electrically conduct-

ing film of indium tin oxide. One piece is patterned into a

number of separate electrodes !or pixels" with the corre-
sponding fan out for electrical connections. In the original

‘‘homemade’’ modulator array in Fig. 15, there are 128 pix-

els with 40 $m center-to-center pixel spacing, 2.5 $m gaps

between pixels, and a total aperture of 5.1 mm. Current com-

mercially available LC SLMS also have 128 pixels, but with

100 $m center-to-center pixel spacing for a 12.8 mm aper-

ture. The modulator array is controlled by a special drive

circuit which generates 128 separate, variable amplitude sig-

nals to achieve independent, gray-level phase control of all

128 modulator elements. An additional point concerning the

drive circuitry is worth noting. Each drive signal actually

consists of a variable amplitude bipolar square wave, typi-

cally at a few hundred hertz or above, rather than a variable

amplitude direct current !dc" level. The use of an alternating
current !ac" drive signal is required to prevent electromigra-
tion effects in the liquid crystal.102 Otherwise the use of a

square wave as opposed to a dc level does not change the

operation of the modulator, since the rotation of the liquid

crystal molecules depends only on the amplitude !not the
sign" of the applied voltage. Input data for the drive circuit is
loaded into local memory from a personal computer, thus

facilitating the generation of complex phase patterns.

Figure 16 shows an example of real-time pulse shaping

data measured using an earlier 32 element liquid crystal

phase modulator array and 75 fs pulses at 0.62 $m from a

coliding-pulse-modelocked dye laser.34 In the experiment

half of the pixels were connected to a constant amplitude

drive signal, while the other half were switched at a 20 Hz

rate between the different drive levels. In one state, the

phases are all the same, and the output is a single pulse

FIG. 14. Programable pulse shaping apparatus based on a LCM array.

FIG. 15. Schematic diagram of an electronically addressed, phase-only LC

SLM.
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fig:6 programmable pulse shaping using LC SLMs 
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In the figure above the only difference from other pulse shapers is that instead of 

fixed masks a liquid crystal is used and a pair of half-wave plates are used to 

rotate the polarization.

The crystal allows continuously variable phase control of each separate pixel 

and allows programmable control of the pulse in a millisecond time scale.

must carefully characterize the reference pulse, e.g., by using

FROG, as noted earlier.87 On the other hand, if the reference

pulse is already known to be approximately bandwidth lim-

ited, then one can get the approximate spectral phase of the

shaped pulse without characterizing the reference pulse. The

accuracy of this approach of course depends on how good

the reference pulse is. However, in some situations one is

only interested in characterizing the relative spectral phase

between shaped and reference pulses; the exact form of the

shaped pulse is not of interest, and therefore, the phase of the

reference pulse is not relevant. This situation applies for ex-

ample when one uses spectral interferometry to measure the

dispersion of an optical component or subsystem placed in

one arm of an interferometer. This approach has been used

for characterization of a pulse shaper response to broadband

incoherent light illumination100 and for characterization of

dispersion-compensated fiber links suitable for nearly

dispersion-free femtosecond pulse transmission.101

III. PROGRAMMABLE PULSE SHAPING USING LIQUID
CRYSTAL SLMs „LC SLMs…

We now proceed to discuss programmable pulse shaping

using LC SLMs as a programmable mask. Pulse shaping

using other programmable mask technologies, such as

acousto-optic modulators, will be discussed in subsequent

sections. Note that some of the discussion in this section,

such as SLM construction, is specific to pulse shaping using

LC arrays, whereas other aspects of the discussion, e.g.,

pulse shaping using phase-only filtering, cover concepts that

are also applicable to pulse shaping using other SLM tech-

nologies.

A. Pulse shaping using electronically addressed
liquid crystal modulator arrays

Liquid crystal modulator !LCM" arrays have been pri-
marily configured for either phase-only or phase-and-

amplitude operation in pulse shaping applications. Figure 14

depicts an apparatus for programmable pulse shaping using a

LC SLM in phase-only operation.34,35 Compared to pulse

shaping setups using fixed masks, the main differences are

that the fixed masks are replaced by the LC SLM, and a pair

of half-wave plates are used to rotate the polarization in or-

der to match that required by the modulator array. The LC

array allows continuously variable phase control of each

separate pixel !whereas fixed masks usually provide only bi-
nary phase modulation" and allows programmable control of
the pulse shape on a millisecond time scale.

Figure 15 shows a schematic of an electronically ad-

dressed, phase-only LC SLM.35 A thin layer of a nematic

liquid crystal is sandwiched between two pieces of glass.

The nematic liquid crystal consists of long, thin, rod-like

molecules, which in the absence of an electric field are

aligned with their long axes along the y direction. When an

electric field is applied !in the z direction", the liquid crystal
molecules tilt along z, causing a refractive index change for

y-polarized light. A maximum phase change of at least 2# is
required for complete phase control. In order to apply the

required electric field, the inside surface of each piece of

glass is coated with a thin, transparent, electrically conduct-

ing film of indium tin oxide. One piece is patterned into a

number of separate electrodes !or pixels" with the corre-
sponding fan out for electrical connections. In the original

‘‘homemade’’ modulator array in Fig. 15, there are 128 pix-

els with 40 $m center-to-center pixel spacing, 2.5 $m gaps

between pixels, and a total aperture of 5.1 mm. Current com-

mercially available LC SLMS also have 128 pixels, but with

100 $m center-to-center pixel spacing for a 12.8 mm aper-

ture. The modulator array is controlled by a special drive

circuit which generates 128 separate, variable amplitude sig-

nals to achieve independent, gray-level phase control of all

128 modulator elements. An additional point concerning the

drive circuitry is worth noting. Each drive signal actually

consists of a variable amplitude bipolar square wave, typi-

cally at a few hundred hertz or above, rather than a variable

amplitude direct current !dc" level. The use of an alternating
current !ac" drive signal is required to prevent electromigra-
tion effects in the liquid crystal.102 Otherwise the use of a

square wave as opposed to a dc level does not change the

operation of the modulator, since the rotation of the liquid

crystal molecules depends only on the amplitude !not the
sign" of the applied voltage. Input data for the drive circuit is
loaded into local memory from a personal computer, thus

facilitating the generation of complex phase patterns.

Figure 16 shows an example of real-time pulse shaping

data measured using an earlier 32 element liquid crystal

phase modulator array and 75 fs pulses at 0.62 $m from a

coliding-pulse-modelocked dye laser.34 In the experiment

half of the pixels were connected to a constant amplitude

drive signal, while the other half were switched at a 20 Hz

rate between the different drive levels. In one state, the

phases are all the same, and the output is a single pulse

FIG. 14. Programable pulse shaping apparatus based on a LCM array.

FIG. 15. Schematic diagram of an electronically addressed, phase-only LC

SLM.
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fig 7 :schematic diagram of an LC SLM 

The figure above shows an electronically addressed  phase only LC-SLM . A 

thin layer of a nematic liquid crystal is sandwiched between two pieces of glass. 

The nematic liquid crystal consists of long thin rod-like molecules , which in the 

absence of an electric field are aligned with their long axes along the y direction.

When an electric field is applied in the z direction the liquid crystal molecules tilt 

along z axes causing a refractive index change for y- polarized light. A maximum 

phase change of at least 2π is required for complete phase control. In order to 

apply the required electric field, the inside surface of each piece of glass is 

coated with a thin transparent, electrically conducting film of indium tin oxide.
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Data measuring of real time pulse shaping

similar to the input pulse. In the other state, half of the pixels

experience a relative phase shift of !. With the particular set
of connections chosen in this experiment, this results in a

pulse doublet. The pulse intensity profiles "top trace# shown
in Fig. 16 were obtained by using a real-time cross-

correlation setup, which was driven in synchronism with the

time-varying drive signal "bottom trace#. The data demon-
strate complete switching from a single pulse to a pulse dou-

blet within 25 ms. Under appropriate drive conditions, such

LCM arrays are capable of switching in $10 ms. It is im-
portant to point out, however, that switch-on and switch-off

times are usually not the same and depend on the bias volt-

age levels.

In order to use LC SLMs for gray-level phase control, a

careful phase versus voltage calibration is required. This can

be accomplished by using the array as an amplitude modu-

lator for a continuous-wave "cw# laser. The laser is linearly
polarized, with its polarization rotated 45° relative to the

alignment direction of the liquid crystal, and focused onto a

single pixel of the multielement modulator. The phase cali-

bration is obtained by measuring the transmission through a

subsequent crossed polarizer and using the relation

T"V #!sin2! %y"V #"%x

2
" , "3.1#

where T(V) is the fractional transmission through the

crossed polarizer, and V is the applied voltage. Here %x cor-

responds to light polarized along the short axis of the liquid

crystal molecules and is independent of the applied voltage.

%y(V) corresponds to the voltage-dependent phase placed

onto the optical spectrum when the modulator is positioned

within the pulse shaper. In Ref. 35 several calibration curves

were measured at different points along the array. The results

shows good uniformity, as required for high quality pulse

shaping. The LC array can also be calibrated in situ within

the pulse shaper by using pulse characterization techniques

such as spectral interferometry to measure the spectral phase

changes imposed on an ultrashort pulse.

Gray-level phase control can be used to accomplish a

number of interesting pulse shaping tasks. For example, us-

ing the modulator array to impart a linear phase sweep onto

the spectrum corresponds in the time domain to pulse posi-

tion modulation. Pulse position modulation relies on the fact

that if f (t) and F(&) are a Fourier transform pair, then the

delayed signal f (t-') is the Fourier transform of F(&)
#exp("i&'). Thus, a pulse can be retarded "or advanced# by
imposing a linear phase sweep onto its spectrum. The delay '
is given by the relation

'!"(%/2!( f , "3.2#

where (% and ( f are, respectively, the imposed phase

change per pixel and the change in optical frequency from

one pixel to the next. For the experiments in Ref. 35 with a

128 element modulator, ( f was approximately 0.092 THz,
and therefore '!"10.87 ((%/2!) ps. The modulator was
set to provide the required phase sweep modulo 2!, so that
for each pixel the phase is in the range 0–2!. Figure 17
shows cross-correlation measurements of temporally shifted

pulses achieved by means of pulse position modulation. Data

are shown for a phase change per pixel "(%# of 0 and $!/4.
The output pulses occur at 0 and $1.38 ps, in close agree-
ment with Eq. "3.2#. These data demonstrate the ability to
shift the pulse position by many pulse widths by using spec-

tral phase manipulation. Note that the total phase sweep in

these experiments is 32!. Because pixellated LCM arrays

can be programed to provide the desired phase function

modulo 2!, large phase sweeps can be achieved using modu-
lators with maximum phase changes as small as 2!. How-
ever, in any case of a smoothly varying target phase func-

tion, as here, the phase change from one pixel to the next

should remain small enough that the staircase phase pattern,

which is achieved by the LCM with its discrete pixels, is a

sufficiently good approximation to the desired phase func-

tion. This point is discussed further in connection with Eq.

"3.4# later.
Gray-level phase control can also be used to achieve

programmable compression of chirped optical pulses.34,35 As

one example, we discuss recent experiments in which a pulse

shaper equipped with a LC SLM was used to complement

fiber dispersion compensation techniques in propagating

$500 fs pulses over a 2.5 km optical fiber link.40 The link

consisted of 2.1 km of standard single-mode fiber "SMF# and
0.4 km of dispersion compensating fiber "DCF#. Since SMF
and DCF have dispersion with opposite signs at the operating

wavelength of 1.56 )m, the fiber lengths can be adjusted to
cancel all of the lowest order dispersion "i.e., phase varying

FIG. 16. Real-time pulse shaping data. Top trace: pulse intensity profiles

measured using a real-time cross-correlation setup, showing switching be-

tween two distinct waveforms with 25 ms. Bottom trace: Time-varying

drive signal to the LCM array.

FIG. 17. Measurements of temporally shifted pulses achieved by placing

linear phase ramps onto the spectrum. Data are shown for phase changes per

pixel of 0 and $!/4, resulting in delays of 0 and $1.38 ps, respectively.
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fig 8:real time pulse shaping data

The figure shows real time pulse shaping data measured using an earlier 32 

element liquid crystal phase modulator array and 75 fs pulses at 0.62 μm from a 

pulse mode locked dye laser. In the experiment all the pixels were connected to 

a constant amplitude drive signal while the other half were switched at a 20 Hz 

rate between the different drive levels. In one state the phases are all the same 

and the output is a single pulse similar to the input pulse and in the other state, 

half of the pixels, experience a relative phase shift of π.[18]

OUR pulse shaper

Our pulse shaper consists of a liquid crystal LC-SLM and has a 4f line 

symmetry. [19]

it is composed of two diffraction gratings and two lenses arranges in a 4f set-up 

with a liquid crystal modulator LCM . Each spectral component is angularly 

dispersed by the first grating, then is focused to a small diffraction spots in the 

fourier plane by the first lens. Thus in this plane all spectral components are 

spatially separated and focused. Then a second combination of lens and 

grating allows the recombination of all the frequencies into a single collimated 

beam .
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In the next figure the pulse shaper is shown:

fig 9: pulse shaper , input and output pulse
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Chapter 3

 Spectroscopy of Rb 

Abstract

In this chapter,  the spectroscopy of rubidium (Rb) is described as it plays an 

important role to this thesis . Energy level diagrams are illustrated also.
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Rubidium

Rubidium is a group IA metal or alkali metal in the 5th period of periodic table.  Other 

members of the group are  lithium (Li)  , sodium (Na ) , potassium (K) , cesium (Cs) and 

francium (Fr) . [1]

fig1: rubidium crystal

The name of the element comes from the latin word for deepest red , rubidus. 

The element was discovered by the  german  chemists Robert Bunsen and 

Gustav Kirchoff in 1861.

Rubidium is used in vacuum tubes as a getter, a material that combines with 

and removes trace gases from vacuum tubes. It is also used in the manufacture 

of photocells and in special glasses. Since it is easily ionized, it might be used 

as a propellant in ion engines on spacecraft. Recent discoveries of large 

deposits of rubidium suggest that its usefulness will increase as its properties 

become better understood.[2]

Rubidium forms a large number of compounds, although none of them has any 

significant commercial application. Some of the common rubidium compounds 

are: rubidium chloride (RbCl), rubidium monoxide (Rb2O) and rubidium copper 

sulfate Rb2SO4·CuSO4·6H20).[3]

Rubidium has the following characteristics:
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Atomic Number: 37
Atomic Weight: 85.4678
Melting Point: 312.46 K (39.31°C or 102.76°F)
Boiling Point: 961 K (688°C or 1270°F)
Density: 1.53 grams per cubic centimeter
Phase at Room Temperature: Solid
Element Classification: Metal
Period Number: 5    
Group Number: 1    
Group Name: Alkali Metal

Rubidium is the most abundant element in the earth’s crust. However it is widely 

dispersed  and not found as the principal component of any mineral. It is a 

silverly soft , ductile metal, and is the 4th lightest metallic element. It can be a 

liquid at room temperature (39 C). Like the other alkali metals, Rb metal has a 

body centered cubic structure

                fig 2: rubidium’s cubic structure

The chemical and physical properties of rubidium are similar to Cs and K , but is 

slightly more reactive than K. It reacts rapidly with air. When heated , it ignites 

spontaneously , burning with a violet flame (like K) and forming four oxides :a 

yellow  monoxide(Rb2O); a dark brown peroxide (Rb2O2), a black trioxide 

 50



(Rb2O3),  and a dark orange superoxide (RbO2). It reacts violently with water (to 

liberate H2 and RbOH).[4]

The uses of the element all depend on the fact that it is highly electropositive, 
that is, it is an excellent reducing agent. For this reason it has been used as a 
"getter" - a substance that reacts readily with, and therefore removes, O2 - in 
vacuum tubes  In addition, it is used as the electron source in photocells.

The emission spectrum obtained from rubidium is the following:

fig 3 : emission spectrum

 2.1 Spectroscopy of Rubidium

Introduction

 Atomic physics is an active field of research. Tunable lasers which are used in 

those experiment  provide several milliwatts of optical power  and have a typical 

frequency scanning range of 800 nm .

Several atomic physics experiments have been developed with the basic 

techniques of laser spectroscopy in order to investigate atomic properties. 

Recent atomic physics experiment that employ tunable lasers include the 

spectroscopy of rubidium , the dependence of Doppler-broadening [5] in the 

absorption spectrum of rubidium , atomic hyperfine structures studies in                 
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atoms , observation of the Faraday effect [6] using the  D2 (next section) 

resonance line in a rubidium vapor as well. 

Doppler-free saturated absorption spectroscopy of rubidium is among the 

simplest experiments using tunable lasers and the experiment is now widely 

used in physics laboratories. The single-photon spectroscopy  experiment  

employs a tunable laser tuned to 5S1
2
→ 5P3

2
 transition ( λ=780.24 nm ) in 

rubidium. Saturated absorption spectroscopy of rubidium provides a valuable 

opportunity to observe the effect of Doppler broadening in atomic spectra and 

to investigate laser-saturation techniques for extracting the hyperfine structure 

features of the atomic system. [7] , [8] ,[9] .

An investigation of the 5S1
2
→ 5D5

2
 two-photon transition in rubidium (λ=778.1 

nm) is  a valuable experiment as it offers the opportunity to directly resolve the 

hyperfine levels of rubidium without the presence of Doppler broadening. In 

addition, the experiment provides an opportunity for the direct investigation of 

relation between laser light polarization, quantum mechanical selection rules, 

and the observed atomic spectra. 

Two photon transitions have been studied using stabilized tunable dye lasers 

and titanium sapphire lasers. The two photon transitions in rubidium are of 

particular interest due to their transition wavelength and narrow bandwidth (~ 

300 kHz line-width  for the two-photon transition. [10]

The optical frequency references have fundamental and commercial 

applications.[11] , [12] 

Commercially, this rubidium two-photon transition is useful for optical 

communication work .  [13] 
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Rubidium’s structure

T h e g r o u n d s t a t e e l e c t r o n c o n fi g u r a t i o n o f R b i s 

1s2 ,2s2 ,2p6 , 3s2 , 3p6 , 3d10 , 4s2 , 4 p2 ,5s1 ] . Only the valence shell (5s) is unfilled 

with one electron. As a result the structure of energy levels is similar to that of 

hydrogen.  As for the core Rb+ ion , it is spherically symmetric , resulting in a 

total angular momentum (L) , spin angular momentum (S) and thus spin-orbit L-

S coupled angular momentum (J = |J| = |L + S| of zero.[14], [15]

Consequently, with all the core ion quantum numbers equal to zero, the 

observed energy transitions with the associated changes in L-S coupled 

quantum numbers comes from the valence electron only.

Rubidium , ground state

Stated in L-S coupling notation (nl)2S+1LJ , ( where  n and l are the principle and 

angular momentum numbers),  the ground electronic state is (5s2 )S
1
2

. For the 

ground state 2S+1 = 2*(1/2) + 1= 2 and J= | L + S | = | 0 + 1/2 | = 1/2 . [16]

Rubidium , first excited state

For Rb+ ion , from the electron configuration we can see that the first electronic 

state is found  in the 5p2 orbital  . Here  S= 1/2 and L = p = 1 = 1 , leaving two 

possible values for J ( |L-S| , ..... ,J,....., |L+S|  ) equal to 1/2 and 3/2 (doublet). 

As a result , two possible energy levels exist for these given  n ,l values . The 

first is less known as less energetic and is called D1 and has the following 

quantum numbers : (5p2 )P1
2

 . The second, is known as a more energetic  

excited state, is called D2  and has the following quantum numbers : (5p2 )P3
2
.

This splitting into two states is known as the magnetic fine structure of an atom 

where the former corresponds to a transition from the ground state with a 
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wavelength of 794.8 nm, whereas the latter transition corresponds to a 

wavelength of 780.0 nm. [17] 

Energy level diagram

An energy level diagram of the relevant transitions in rubidium are shown in fig.

4 .

a)

cited state, which is located 776 nm above the 5P3/2 state.
Two-photon absorption is achieved via the simultaneous ab-
sorption of two photons from a single laser tuned to
778.1 nm which excites the electron from the 5S1/2 ground
state to the 5D5/2 excited state. Fluorescence can be moni-
tored at 420 nm from the 5D!6P!5S cascade decay. The
expanded view to the right shows the relevant hyperfine
structure for each of the rubidium isotopes.

The investigation of a two-photon transition typically re-
quires a high-power laser. In this case the two-photon tran-
sition probability is greatly enhanced due to the proximity
!2 nm detuning" of the near-resonant intermediate state.18

The investigation of the 5S1/2!5D3/2 two-photon transition
at 778.2 nm is also possible. However, the 5S1/2!5D5/2
transition is about 20 times stronger than the 5S1/2!5D3/2
transition due to the closer proximity of the intermediate
state.12 Two-step excitation to these 5DJ states is also pos-
sible through the resonant intermediate state using two sepa-
rate lasers at !1=780 nm and !2=776 nm.19 Two-photon
spectroscopy has also recently been performed using a diode
laser on the 5S1/2!7S1/2 two-photon transition in rubidium
!!=760 nm".20

The two-photon absorption process is illustrated in Fig. 2.
Figure 2!a" shows an atom with velocity v! in the presence of
two counterpropagating laser beams each tuned to the laser
frequency "L. For simplicity, we consider an atom moving
collinearly with the laser beams, although the same result

applies for a more general atomic trajectory. Due to the ve-
locity of the atom, the laser frequency as seen in the rest
frame of the atom #see Fig. 2!b"$ is Doppler shifted by

"L! = "L% 1 ± v/c
1 # v/c

= "L ! k! · v! + ¯ , !1"

where k=2$ /!. To first order, the atom will “see” the laser
beam from the left, Doppler shifted in frequency by an
amount +kv while the laser beam from the right is shifted by
an amount !kv. If the atom absorbs two photons simulta-
neously from oppositely directed beams, the two Doppler-
shift terms cancel resulting in Doppler-free spectra, where all
of the atoms contribute to the signal independently of their
velocities. If the atom simultaneously absorbs two photons
from the same direction, the Doppler-shift terms add to-
gether, resulting in a much weaker, Doppler-broadened sig-
nal.

The line shape of the Doppler-free portion of the two-
photon spectra is Lorentzian and is given by18

L!"" %
&if

!"if ! "1 ! "2"2 +
&if

2

4

, !2"

where the transition frequency "if between the initial and
final state is 2' !2$'385" THz and "1="2 for two lasers
with the same frequency. The full width at half-maximum
intensity &if is the linewidth of the transition. The practical
resolution of the linewidth is limited by the linewidth of the
laser, which is larger in this case than the natural linewidth of
the 5S1/2!5D5/2 two-photon transition.

The profile of a spectral line dominated by Doppler broad-
ening is Gaussian and given by18

G!"" % e&!4 ln 2#!" ! "0"2/("Doppler
2 $', !3"

and the Doppler-broadened linewidth is

Fig. 1. Energy level diagram for rubidium. The relevant hyperfine levels for 85Rb and 87Rb are shown in the expanded view on the right-hand side. The 5D5/2
hyperfine structure is inverted.

Fig. 2. !a" A moving atom between two counterpropagating laser beams. !b"
Doppler-shifted laser frequencies as seen in the rest frame of the atom.

219 219Am. J. Phys., Vol. 74, No. 3, March 2006 Olson, Carlson, and Mayer

Fig 4 : energy level diagram of the most common transitions in rubidium

The brightest spectral line , corresponding to the 5S
1
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I. INTRODUCTION

Tunable diode lasers are used extensively in atomic phys-
ics research. In recent years grating-feedback diode laser sys-
tems have been developed that are suitable for construction
by undergraduates.1–4 These narrow-band !"1 MHz" laser
sources provide several milliwatts of optical power
!10–80 mW for the laser systems in Refs. 1–4" and have a
typical frequency scanning range of 5–10 GHz.

Several atomic physics experiments have been developed
for the advanced undergraduate laboratory to acquaint stu-
dents with the basic techniques of laser spectroscopy and to
investigate atomic properties. Recent atomic physics experi-
ments that employ tunable diode lasers include the laser
spectroscopy of rubidium and cesium,1 the temperature de-
pendence of Doppler-broadening in the absorption spectrum
of rubidium,5 atomic hyperfine structure studies in atoms,6

observation of the Faraday effect using the D2 resonance line
in a rubidium vapor,7 and the laser spectroscopy of lithium8

and the cesium dimer.9

Doppler-free saturated absorption spectroscopy of ru-
bidium is among the simplest experiments using tunable di-
ode lasers and the experiment is now widely used in the
upper-division physics laboratory. The single-photon spec-
troscopy experiment employs a tunable diode laser tuned to
the 5S1/2!5P3/2 transition !!=780.24 nm" in rubidium.
Saturated absorption spectroscopy provides a valuable op-
portunity to observe the effect of Doppler broadening in
atomic spectra and to investigate laser-saturation techniques
for extracting the hyperfine structure features of the atomic
system. A thorough description of saturated absorption spec-
troscopy can be found in Refs. 1 and 10. Reference 11 also
reviews the relevant theory of Doppler-free saturated absorp-
tion spectroscopy and provides problems suitable for
undergraduates.11

An investigation of the 5S1/2!5D5/2 two-photon transi-
tion in rubidium !!=778.1 nm" is a valuable complement to
the single-photon spectroscopy experiment because it uses
much of the same equipment, is conveniently accessible to a
grating-feedback diode laser system designed for single-

photon spectroscopy at 780 nm, and offers the opportunity to
directly resolve the hyperfine levels of rubidium without the
presence of Doppler broadening. In addition, the experiment
provides an opportunity for the direct investigation of the
relation between laser light polarization, quantum mechani-
cal selection rules, and the observed atomic spectra.

Two-photon transitions have historically been studied us-
ing stabilized tunable dye lasers and titanium sapphire
lasers.12 Subsequent observation of two-photon transitions in
rubidium using AlGaAs diode lasers13,14 make these experi-
ments more accessible to undergraduates. Two-photon tran-
sitions in rubidium are of particular interest as new optical
frequency standards due to their transition wavelength and
narrow linewidth !%300 kHz linewidth for the two-photon
transition".12 Optical frequency references have fundamental
and commercial applications, including uses in metrology,
precision measurements, and the determination of fundamen-
tal constants. Precise frequency references in the near-
infrared make enhanced studies of atomic spectra possible.
Commercially, this rubidium two-photon transition is useful
for optical communications work. Frequency stabilization of
a frequency-doubled 1.55 #m laser to the two-photon ru-
bidium line provides a valuable frequency reference for the
1.5 #m optical communications band.15,16

In this paper we describe the relevant theory for two-
photon spectroscopy. We provide a detailed description of
the experimental procedure and equipment, including refer-
ences for commercial sources of equipment17 and alterna-
tives suitable for construction by undergraduates. We also
give some typical experimental results and calculations that
can be incorporated into the laboratory.

II. THEORY

An energy level diagram of the relevant transitions in ru-
bidium is shown in Fig. 1. The brightest spectral line, corre-
sponding to the 5S1/2!5P3/2 D2 line, has a transition wave-
length of 780.24 nm !vacuum wavelength" and is often used
for single-photon saturated absorption spectroscopy. The
two-photon transition we investigated utilizes the 5D5/2 ex-
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→ 5P3
2
 ,has a transition 

wavelength of 780.24 nm ( vacuum wavelength ) and is often used for single-

photon transition  saturated absorption spectroscopy . 
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The two photon transition utilizes the 5D5
2

 excited state which is located 776 

nm above the 5P3
2

 state . Two photon absorption is achieved via the 

simultaneous absorption is achieved via the simultaneous absorption of the two 

photons from a single laser tuned to 778.1 nm which excites the electron from 

the  5S
1
2
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presence of Doppler broadening. In addition, the experiment
provides an opportunity for the direct investigation of the
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and commercial applications, including uses in metrology,
precision measurements, and the determination of fundamen-
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infrared make enhanced studies of atomic spectra possible.
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An energy level diagram of the relevant transitions in ru-
bidium is shown in Fig. 1. The brightest spectral line, corre-
sponding to the 5S1/2!5P3/2 D2 line, has a transition wave-
length of 780.24 nm !vacuum wavelength" and is often used
for single-photon saturated absorption spectroscopy. The
two-photon transition we investigated utilizes the 5D5/2 ex-

218 218Am. J. Phys. 74 !3", March 2006 http://aapt.org/ajp © 2006 American Association of Physics Teachers

 ground state to the 5D5
2

 excited state . Fluorescence can be also 

monitored  at 420 nm from the 5D→ 6P→ 5S  cascade decay. [18] , [19] , [20] .

 Below the magnetic sub-levels of rubidium are demonstrated fro the 5p and the 

5d state.

Coherent Control of Angular Momentum Transfer
in Resonant Two-Photon Light-Matter Interaction
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We show experimentally and theoretically that a polarization-shaped femtosecond laser pulse with a

zero net angular momentum creates a net angular momentum in atomic rubidium during resonant two-

photon excitation. The necessary conditions for the creation of a nonzero angular momentum as well as

the excitation efficiencies are analyzed in the framework of second-order time-dependent perturbation

theory.

DOI: 10.1103/PhysRevLett.104.133001 PACS numbers: 32.80.Qk, 32.80.Wr, 42.65.Re, 75.78.Jp

With the advent of femtosecond lasers coherent control
of light-matter interactions has become an important area
of research of broad interest in both physics and chemistry
[1,2]. This is also true for magnetism, where laser control
of magnetic order has become a subject of intense research
for the last decade [3]. Ultrafast demagnetization of a
magnetic material and even magnetization reversal has
been demonstrated using ultrafast optical radiation [4,5].
Manipulation of magnetic order requires angular momen-
tum transfer. It has been reported that excitation of a
medium with a femtosecond laser pulse results in a large
change of angular momentum in magnetic subsystems at
the surprisingly fast time scale of the laser pulse. This time
scale is much shorter than any known relaxation processes
in solids. Therefore, it was suggested that the electromag-
netic field directly controls the necessary angular momen-
tum transfer [6,7].

Normally, in an electric dipole transition, circularly
polarized photons are required to change the magnetic
quantum number of an electron. In the presence of spin-
orbit interaction a one-photon process probes the magne-
tization of a medium via the magneto-optical Faraday and
Kerr effects [8]. The combination of spin-orbit interaction
and two-photon stimulated Raman scattering provides a
plausible mechanism for femtosecond control of spins
[9,10]. However, a detailed understanding of the
magneto-optical effects with laser pulses shorter than the
time of optical decoherence is still lacking [11,12]. The
problem is further complicated in solids, where the pres-
ence of translational symmetry makes that angular mo-
mentum is not a good quantum number and that optical
selection rules are not rigorous. However, even for an ideal
system the role of optical coherence in the transfer of
angular momentum during a two-photon interaction has
not been fully understood yet.

The problem of angular momentum transfer during the
off-resonant interaction of light with a simple three-level
system was considered by Dudovich et al. [13]. However,
no possibility of creating net angular momentum in the
final state by a laser pulse with linearly polarized frequen-
cies was considered. In this Letter we investigate two-

photon excitation of rubidium atoms to individual mag-
netic sublevels, both resonantly and off resonantly. While
using linearly polarized shaped laser pulses, we show that
the coherence between the linearly polarized waves at
different frequencies leads to the creation of net angular
momentum. We also establish the crucial role of the inter-
ference between resonant and off-resonant excitation in the
transfer of angular momentum.
Rubidium is a favorable candidate for coherent control

studies using standard femtosecond Ti:sapphire laser sys-
tems. It has two resonant transitions at !ig ! 780:2 and
!fi ! 776:0 nm (corresponding to 1.59 eV and 1.60 eV,
respectively) both within the spectral band of a 75 femto-
second laser pulse [see Fig. 1(a)]. Via a two-photon process
the final 5d state is excited, while its population and
angular momentum are determined by observing fluores-
cence. The atoms decay spontaneously to the ground state
via the 6p level, where we observe the 6p to 5s transition at

FIG. 1. (a) The level scheme of rubidium. The spontaneous
emission from 6p to 5s state at 420 nm is measured. (b) The
excitation scheme, includingm sublevels. The linear polarization
is a superposition of circularly polarized components, and quan-
tization axis is the k vector of the laser light. (c) Scheme of the
experimental setup. The pulse shaper has a 4f geometry. The
mirror after the shaper is set close to Brewster’s angle. The
fluorescence detection system has a !=4 plate, a polarizer, and a
PMT with attached narrow-band filter.

PRL 104, 133001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
2 APRIL 2010

0031-9007=10=104(13)=133001(4) 133001-1 ! 2010 The American Physical Society

fig 5 : magnetic sub-levels of rubidium
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Chapter 4

Ultra-fast coherent control of angular momentum transfer in resonant  and off 

resonant one photon excitation in Rubidium.  

Results and Discussion

Abstract

In this chapter results on the ultra-fast control of angular momentum in atomic 

rubidium in a one photon excitation are discussed. It is shown experimentally 

and theoretically that angular momentum can be controlled on a hundred 

femtosecond time scale by a polarization-shaped femtosecond laser pulse, only 

containing linearly polarized frequencies. Transient dynamics of the angular 

momentum is measured by using velocity map imaging and analyzed by time 

dependent calculation of Schrodinger  equation in the perturbative limit.
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4.1 Introduction

Coherent control has become an important area of research of broad interest in 

both physics and chemistry . [1], [2]

It has been reported that manipulation of magnetic order requires angular 

momentum transfer. It has been reported also that excitation of a medium with 

a femtosecond laser pulse results in a large change of angular momentum in 

magnetic subsystems at the fast time scale of a laser pulse . This time scale is 

surprisingly too short . Therefore it was suggested that the electromagnetic field 

directly controls the angular momentum transfer . [3 ] [4] [6] [7] 

Normally in an electric dipole transition circularly polarized pulses are required to 

change the magnetic field number of an electron. In the presence of spin orbit 

interaction a one photon process probes the magnetization of a medium via the 

magneto-optical Faraday effect [8] 

Detailed understanding of the magneto-optical effects  with laser pulses shorter 

than the time of optical de-coherence is still lacking [9] ,[10] . In solids the 

problem is bigger with the presence of translational symmetry where the angular 

momentum is not a good quantum number and optical selection rules are not 

rigorous.

Angular momentum transfer during off-resonant interactions of light with  a 

simple three level system was first considered by Dudovich et al. [11]

However no possibility of creating net angular momentum in the final state of 

such a system by a laser pulse with linearly polarized frequencies was 

considered.

In this thesis  we aim to investigate ultra-fast dynamics of the angular 

momentum in an ideal two-level system, using as a model atomic rubidium. In 

particular using velocity map imaging we monitor the electron distribution of the 
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excited state in a one -photon transition 5s-5p. Employing polarization pulse 

shaping we demonstrate an effective control of the femtosecond dynamics of 

the angular momentum in the excited state. It is shown that in a one-photon 

transition the spectral properties of the excitation pulse play a crucial role in the 

ultra-fast dynamics of the angular momentum transfer. In resonant excitation the 

angular momentum dynamics in the excited state does not correlate with the 

helicity of the excitation pulse. In case of, off-resonant excitation the angular 

momentum follows momentary polarization of the excitation pulse and can be 

predicted from the time behavior of polarization.
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4.1 experimental procedure

As mentioned before in previous chapters and in the summary of this thesis by 

using polarization shaping of a hundred femtosecond laser pulse it is possible to 

control the amount of angular momentum in excited state in rubidium . This is 

achieved  by controlling excitation efficiencies  to individual magnetic sub-levels 

of  the first excited state in rubidium . We will show that the angular momentum 

in excited state can be controlled by zero-angular momentum laser pulses , 

containing only linearly polarized spectral components .

Rubidium is a good element  for coherent control studies using standard 

femtosecond Ti:sapphire laser systems. The resonant 5s-5p transition at λ= 

780.2 nm ( corresponding to 1.59 eV ) was excited by a polarization shaped 40 

fs laser pulse (fig. 1 ) . As quantization axis the propagation direction was 

chosen and the linearly polarized spectral components were represented as a 

superposition of circularly polarized waves. In the experiment , the excited 5p 

state population as well as the angular momentum based on the population 

distribution over the Zeeman sub-levels [13] were probed via an ultra-fast one-

photon ionization by a 100 fs circularly polarized laser pulse at 400 nm . The 

angular momentum in the 5p state was determined from the photoelectron 

distribution using a velocity map imaging set-up . In experiment the angular 

momentum was determined as a function of time delay between excitation and 

ionization pulses. 

The schematic view of optical set-up is presented in the next figure.
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fig 1 : schematic view of the experimental set-up

The amplified 40 fs laser pulses were generated with repetition rate of 250 kHz 

from a coherent Reg A 9050 amplifier and centered around 795 nm with a pulse 

energy of approximately 4μJ . Part of the pulse was shaped using a pulse 

shaper with a so-called 4f geometry , as described Prakelt at al [14] . We 

applied changes to the phase and direction of the different frequency 

components. In all experiments part of the spectrum above 784 nm was 

blocked in the Fourier plane to reduce the influence of the 5p1
2

level on the                    

observed angular distributions. The probe ionization pulses at 400 nm were 

produced from fundamental pulses using a BBO crystal and had duration of 

100 fs . In the right part of figure above the drawing of the photoelectron 

detection scheme is shown. The diffused flux of rubidium atoms was produced 

in an oven held at 600C and positioned about 5 cm from the interaction region. 

During the experiment the pressure in the vacuum chamber was always below 

10−6 mbar . The repeller and the extractor plates act as as  a velocity map 

imaging lens for the photoelectrons [15]  . The photoelectrons were detected by 

a double micro-channel plate (MCP) detector with a phosphor screen and 

images were recorded with a CCD camera . 

768,1 1,2698E-8 726,68

768,15 1,5223E-8 727,02

768,2 1,8234E-8 727,36

768,25 2,182E-8 727,7

768,3 2,6087E-8 728,04

768,35 3,1161E-8 728,38

768,4 3,7188E-8 728,72

768,45 4,4341E-8 729,06

768,5 5,2821E-8 729,4

768,55 6,2865E-8 729,74

768,6 7,4752E-8 730,08

768,65 8,8805E-8 730,42

768,7 1,0541E-7 730,76

768,75 1,2499E-7 731,1

768,8 1,4809E-7 731,44

768,85 1,7529E-7 731,78

768,9 2,073E-7 732,12

768,95 2,4494E-7 732,46

769 2,8914E-7 732,8

769,05 3,4101E-7 733,14

769,1 4,0182E-7 733,48

769,15 4,7304E-7 733,82

fig:2 laser spectrum centered at 795 nm
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In the figure above the spectrum of the laser is illustrated. During the experiment 

part of the spectrum was blocked in the Fourier plane as mentioned before.

The excitation and ionization laser beams were focused and crossed under a 

small angle in the interaction region . 
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4.2  Results and discussions 

In the next figures the images of the photoelectron angular distributions are 

shown with the time step of 67 fs . It is clearly seen , that the wave function 

changes on a 100 fs  time- scale , which is determined by the change of the 

angular distribution in the excited state . 

The transient dynamics of the angular momentum transfer in excited 5p state 

was determined from the photoelectron angular distributions as a function of 

time delay between excitation and ionization pulses. 

 The angular momentum in the excited state was reconstructed from the 

photoelectron images. We performed the analysis in the frame of orbital angular 

momentum L , as well as in the frame of total angular momentum J , taking into 

account spin-orbit coupling effects .  

Typical photoelectron images , obtained during the excitation with polarization 

shaped pulses are shown in the next figure. The laser beam propagates in 

vertical direction in the image plane.

Fig 3 : Set 1, resonance excitation with polarization step applied
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We have monitored the wave-function on real time applying a time step . The 

images show the photoelectron angular distribution with the time step of 67 fs . 

Later on , we will clearly see that the electron distribution changes on a 100 fs 

time-scale , which is determined by the change of the angular distribution in the 

excited state. The red part on the images shows the part with the most intensity 

and also indicates the β parameter, anisotropy parameter.

Fig 4: Set 1 gamma, resonance excitation with polarization step and phase step
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We apply here a polarization step on our pulse and a phase step also. In this  

set we monitor the electron distribution and thus the populations at m = -1 and 

m= 1 magnetic sub-levels are about to be determined. Images with red part 

(larger intensity) on right and left side represent the  situation when both the 

magnetic sub-levels are populated. The images with the red part on top and 

bottom represent the m = -1 and the images with the red part on top bottom 

and left right represent the m = 1 .

The images show photoelectron angular distribution as a function of time  

during the excitation with polarization shaped pulse.  

The change of intensity from the top and bottom to left and right is due to 

change of polarization from vertical to horizontal . 

The main point of this experiment is to monitor, in real time , the electron 

distribution . Using shaped  laser pulses the transition from p orbitals to s 
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orbitals and d orbitals is observed and plus an effective way to control the 

angular momentum transfer. Performing further population analysis to the 

individual magnetic sub-levels of the first excited state of rubidium we 

investigate a new approach for control the electron distribution. We will prove 

that the spectral properties play an important role to angular momentum 

transfer in the first excited state of rubidium. Later on we will relate the off 

resonance excitation and resonance excitation  with the spectral properties. We 

will demonstrate that in resonance excitation performing further populations 

analysis in the first excited state of rubidium , the angular momentum transfer 

can not be predicted from the spectral components of the pulse but instead a 

phase step should be applied in order those two factors to be related. 

Conversely in an off-resonance excitation the spectral components can be 

related with the angular momentum transfer. Angular momentum transfer can 

be specified completely from the helicity of the pulse can be easily predicted 

from her.

We are now ready to present our results.

In the pictures below the first experimental step is discussed , we discuss for 

the resonance excitation in which a phase step has been applied to the pulse. 

In the first row we can clearly see a d -electron distribution which is conserved 

in the second row also but clearly it is reduced . In the third row the d character 

is vanished completely and the p-character is induced. In the fourth row a d-

character is starting to be induced  and a few steps later a different p character 

is induced.

Until now by applying a simple phase step and a polarization step to our pulse 

and performing scans and by watching the progress of our signal we have 

achieved to monitor the change from a d-character to p-character. We have 

achieved to control so far the electron distribution by applying a phase step.

We will see later on that this phase step is not enough by performing further 

population analysis.
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Fig 4 :experimental set- p i
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At this point calculated and experimental results are compared. We can clearly 

see that experimental and calculated results look almost the same with slight 

differences to the last images.
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Fig 5 :calculated set - p i 

   

 

  

    

  

 

Exp set 1

 

Exp set 1

 

Exp set 1

In the next figure images from the resonance excitation are demonstrated but 

here we have applied only polarization step meaning that , by changing the 

polarization of our pulse and performing scans we try to monitor again the 

different electron configuration and control her.
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Fig 5 :Experimental set 1 
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At this point the calculated results are presented for the resonance excitation in 

which the polarization step only has been applied. We can clearly see that in the 

first images the calculated and experimental results look the same but at the 

end those two can not be related. By performing later on population analysis for 
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the individual magnetic sub-levels of the first excited state of rubidium we will 

explain the different appearance of the images

Fig 6 : calculated set 1
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We present now results from the off-resonance excitation for rubidium ( 778.1 

nm ) . Also here we start from a p-character and by applying a phase step and 

also polarization we can see the p-character to be reduced and for few images 

we can see some isotropic spheres and after a few images during our scan we 

can observe a different p-character, and later on we can observe a d-character 

to be produced. So far we have achieved also for the off-resonance excitation 

to control the change of the electron distribution .  

Fig 7 : Experimental P156
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We now present the calculated results for the off resonance excitation of 

rubidium and as far as we can see, we observe that they are in complete 

agreement . Later in the populations analysis we will discover the reason .

Fig 8 : calculated P156
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We monitored the electron distribution with velocity map imaging applying 

phase steps and polarization step. The experimental and calculated results for 

most of the cases are almost identical. We will try to investigate the populations 

at m= -1 and m=1,  individual magnetic sub-levels for resonance excitation and 

off-resonance excitation in order to understand how the excitation efficiencies in 

those magnetic sub-levels depend from the polarization of the excitation pulse.

In the next figure a schematic lay-out of all the experiment set-up is 

demonstrated and results from the resonance excitation are discussed.
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fig 9 : a) the excitation and the probe level scheme b) schematic lay out of the experiment . The angular momentum in the 5p 

state is probed via an ultra-fast photoionization, using velocity map imaging R, E and G are the repeller , extractor and 

ground plates respectively. The images show photoelectron angular distributions as a function of time  during excitation with 

the polarization shaped pulse

The laser propagates in vertical direction in the image plane. The images are 

symmetrized in the plane and normalized to maximum intensity. Red color 

corresponds to larger intensity. The image at -70 fs shows the photoelectron 

angular distribution in the case when mostly the  m =-1 sub-level is populated. 

The image at 150 fs represents the case when both sub-levels are equally 

populated . Non equal intensities for the m = -1 level ( vertical direction ) and the 

m= 1 ( horizontal direction ) are due to the difference in ionization strength. As 

can be seen from the images, populations in different Zeeman states provide 

the distribution with different symmetry. Also , the images show that the angular 

momentum changes on a 100 fs time-scale during the excitation. Later in this 

thesis we will explain the procedure of quantifying the m =-1 and m=1 sub-level 

populations from the photoelectron angular distributions.

The experimental results during the resonant excitation and the numerical 

calculations, obtained by time dependent calculation of the Schrodinger 

equation in the perturbative limit are shown in  fig  10. 
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fig 10 : a) pulse field helicity h
→
= i[e

→
× e

→
] . The inset shows the excitation spectrum. b) calculated and experimental 

populations of the m =-1 and m =1 sub-levels as a function of time. Polarization step is applied at λig  +0.25 nm c) 

polarization step applied at λig  +1.25 nm . 

The polarization step was positioned at λig +0.25 nm (corresponding to - 0.51 

eV ) (fig 10) . In the beginning of the excitation pulse , pure angular momentum 

is observed in the excited state. After a few hundreds of femtoseconds angular 

momentum is reserved. Asymptotically the population difference between two 

Zeeman levels disappears . The images of the photoelectron angular distribution 

also clearly show change of the angular momentum.

An intriguing result is that the resonant angular momentum dynamics does not 

correlate with the momentary polarization of the excitation pulse ( fig10 (a)). This 

non-intuitive effect can be further demonstrated  by slightly varying the position 

of the polarization step relatively to resonance. We applied the polarization step 
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in the region from λig +0.25 nm to   λig  +1.25 nm . While the shape of the 

excitation pulse remains almost identical to the pulse with spectral polarization 

step at initial position (λig +0.25 nm ) , the angular momentum dynamics 

changes drastically. In the fig10 (b) the populations of the 5p m=1 and m =-1 

sub-levels are presented when the polarization step was applied at λig +1.25 

nm. The angular momentum changes on a smaller time-scale at larger detuning 

of the polarization step from resonance. Also , in this case a significant amount 

of angular momentum of opposite sign is presented in the excited state during 

the first picosecond.

Our results show that in a resonant one-photon excitation the angular 

momentum dynamics can not be explained by the dynamics of the polarization 

of the excitation pulse. In general , in resonant excitation the angular momentum 

dynamics is determined by the interference between resonant and off-resonant 

excitation pathways. Hence, for a proper understanding of the mechanisms of 

the angular momentum transfer, also in one-photon excitation the spectral 

properties of the pulse should be taken into account.

To demonstrate the role of coherence between the off-resonance spectral 

components in the dynamics of the angular momentum transfer, we have 

changed the phases between the spectral components with orthogonal 

polarization . In  the fig 11 the populations of the 5p m = 1 and m = -1  sub-

levels are shown when a π/2 phase step was applied at the position of the 

polarization change at λig +0.25 nm . This extra step affects the momentary 

helicity of the pulse. Indeed , a change of the phases in the spectrum clearly 

affects the angular momentum dynamics. In comparison with the results in the 

fig 11 the angular momentum changes on a smaller time -scale with almost 

complete sign inversion during the first 500 fs.  Also in this case the angular 

momentum dynamics does not correlate with the helicity of the excitation pulse 

(fig 11 (a)).
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fig 11 : a) pulse field helicity h
→
= i[e

→
× e

→
] . The inset shows the excitation spectrum. b) experimental and calculated 

populations of the m=1 and m =-1 levels as a function of time. Polarization step is positioned atλig  +0.25 nm and π/2 phase 

step is applied.

We have also performed experiments on control of the angular momentum in a 

one-photon transition in an off- resonant excitation when a π/2 phase step is 

applied . The excitation spectrum from 780.7 nm to 784 nm was used. The 

polarization step was positioned at 782.5 nm . The experiment and calculated 

populations of the 5p m= 1 and m = -1 sub-levels are shown in the fig 12. 
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Fig 12: Off resonance excitation . Spectrum part between 780.7 nm and 784 nm is used with polarization at 782.5 nm a) 

pulse field helicity h
→
= i[e

→
× e

→
] . b) experimental and calculated populations of the m= 1 and m =-1 levels as a function of 

time c) Pi / 2 phase step is applied at position of polarization change.

In an off- resonant excitation the excited state population is only created during 

the action of the laser pulse. The angular momentum has two major and two 

minor maxima of opposite sign. The images show reversal of the angular 

momentum . When the π/2 phase step was applied at position of polarization 

change ( fig 5 (c)), the angular momentum has two maxima of one sign and one 

larger maximum of opposite sign. During the off-resonant excitation angular 

momentum dynamics is ideally described by the momentary polarization of the 

electric field in the pulse. The results clearly show that the angular momentum 

follows the field helicity of the excitation pulse (fig 12 (a)). 
!
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each image is 67 fs.
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4.3  Image analysis

As mentioned before the main purpose of the experiment was to monitor the 

wave-function induced by the excitation in the 5p state of rubidium. 

While it seems plausible that after a sufficiently long time t the sequence of 

unsharp position measurements provides enough data to estimate the |Ψ t (q) |
2 , 

it may come as a surprise that position measurements enable a faithful 

monitoring of the full wave-function Ψ t (q)  as well . 

The reason for this is that by measuring the position q at times t = τ , 2τ on a 

system with evolving Schrodinger wave-function Ψ t  is equivalent to consecutive 

measurements of the Heisenberg observables 
∧

q = exp(it
∧

H )
∧

qexp(it
∧

H )  on  a 

system with static wave-function Ψ0 .

The set of Heisenberg coordinates 
∧

qt
⎧
⎨
⎩

⎫
⎬
⎭

 will exhaust a sufficiently large space of 

incompatible observable so that their measurements will lead to a faith-full 

determination of Ψ0  . In this way to our faithful determination of Ψ t for long 

enough times t . 

Concluding monitoring the wave-function means a real time estimation of it . 

Returning to rubidium which has three individual magnetic sub-levels m = 0 , 

-1 , 1 , we tried to perform coherent control in the first excited state checking 

excitation efficiencies  in those three levels .

The analysis of the angular momentum dynamics in the 5P3/2  state was done 

assuming only orbital angular momentum L , as well as taking into account the 

electron spin . In view of the ultra-fast character of the experiment with shaped 

pulses of a length up to 10 picoseconds , nuclear spin effects can safely be 

ignored . Here the analysis is presented in the frame of orbital momentum . The 

excitation and the probe level scheme are shown in Fig 1 . The choice of using 

 81



the propagation direction as quantization axis , implies that only the m=1 and 

m=-1 states are populated. The probe ionization laser is circularly polarized , 

hence providing only Δm=+1 transitions in the ionization step . The angular part 

of the electronic wave-function in the continuum is presented as coherent 

superposition of angular momentum states 

ψ (θ,ϕ ) = µm,m+1
l

m,l
∑ amϒm+1

l (θ,ϕ )e− iξ     (1)

where  m=1 and m=-1 are the possible Zeeman levels in the intermediate 5p3/2  

level. The coefficients am  are the transition probability amplitudes to the excited 

m-states in the 5p3/2  state. In the continuum, l=0,2 are the final possible orbital 

angular momentum state µm,m+1
l  is m-dependent transition dipole moment matrix 

element between excited state and final state orbital momentum l,ξl  is the 

asymptotic phase of the continuum wave-function , as defined in [17] . The 

angular distribution measured in the experiment would be ϒ(θ,ϕ )ϒ*(θ,ϕ ) .

The goal of the experiment was to determine the populations of m = 1 and m = 

-1  states as a function of time during excitation . The populations were 

determined by fitting the experimental images of photoelectron angular 

distributions with the model , as described in Eq (1). The fitting parameters were 

absolute the absolute values of am  and the relative phase between a+1 and a−1 . In 

the fitting procedure the intensities in the images were stored line by line in one 

dimensional vector arrays and the inner product between the experimental and 

calculated vectors was maximized using Evolutionary Algorithm (ES) [16].  In our 

fitting procedure, the CMA-ES algorithm developed by Hansen and Ostermeier 

was used[16].  In the model (see Eq(1)) parameters characterizing outgoing 

channels with s and d character of the wave-function were taken from [17]. The 

ratio of the strength between s and d channels was taken from experiment as 

0.38. The value of the asymptotic phase difference ξl  between s and d 

channels was 1.7 rad. 
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4.4 Conclusions

The main purpose of this experiment was to investigate and control ultra-fast 

dynamics of the angular momentum in an ideal two-level system using as a 

model atomic rubidium. We wanted to monitor the wave-function of the excited 

state in a one-photon transition both in resonance and off-resonance. Also 

employing polarization pulse shaping we wanted to demonstrate an effective 

control of the femtosecond dynamics of the angular momentum transfer in the 

excited state.

As a conclusion we have shown that in a one-photon transition the spectral 

properties of the excitation pulse play a crucial role in the ultra-fast  dynamics of 

the angular momentum transfer. In resonant excitation the angular momentum 

dynamics in the excited state does not correlate with the helicity of the 

excitation pulse. In case of an off-resonant excitation the angular momentum 

follows momentary polarization of the excitation pulse and can be predicted 

from the time behavior of the polarization.

In conclusion we have demonstrated ultra-fast coherent control  of the angular 

momentum transfer in Rubidium during a one photon excitation. In resonant 

excitation the angular momentum dynamics can not be explained by 

polarization dynamics of the excitation pulse and spectral properties of the 

excitation pulse should be taken into account. in the case of the off-resonant 

excitation the angular momentum follows momentary polarization of the 

excitation pulse and can be predicted from the time behavior of polarization. our 

results give a new insight into ultra-fast control of optical orientation and may 

provide a new approach to the ultra-fast control of spin orientation.  
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