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Abstract of the Thesis

Design and Construction of an Apparatus

for the Neutral Dissociation and Ionization

of Molecules in an Intense Laser Field

by

Patrick Henning Nürnberger

Master of Arts

in

Physics

State University of New York at Stony Brook

2003

We have designed and constructed an apparatus for study-

ing neutral dissociation of molecules using shaped ultrashort laser

pulses. The apparatus consists of a femtosecond laser oscillator, a

chirped pulse amplifier, a shaped–pulse Mach-Zehnder interferom-

eter, a device to measure the duration and structure of the light

pulses (FROG), a molecular beam and a time–of–flight mass spec-

trometer. We have made preliminary measurements to show that

the apparatus is suitable for pump–probe learning control of neu-

tral dissociation.
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Chapter 1

Introduction

Ultrashort lasers provide us with an excellent tool for a large variety of

applications. They can be used to monitor rapidly evolving processes in liq-

uids, solids and in the gas phase, to scan sensitive surfaces, to achieve huge

energy densities, to attain nonlinear optical effects, to control molecular dy-

namics and chemical reactions, and for many other applications not limited to

physics.

There are many things that have driven the recent advances in coherent

control. Two important contributions have been the greatest benefit to the

community: the development of broadband lasers and the development of

learning control. At the beginning of the 1990s the development of short pulse

Titanium Sapphire lasers [17, 18] caused something of a revolution in the

field of ultrafast lasers, for they produce stable modelocking, have enormous

bandwidths and large energy storage capabilities. This powerful and excellent

instrument opened a whole new field of physics and chemistry.

These lasers can be used to get access to new chemical reaction channels,
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i. e. to processes that could not be caused without laser assistance. Also at

the beginning of the 1990s, the concept of learning control was developed. The

electric field of the laser pulse is actively changed by a pulse shaper that allows

to create almost any desired pulse, with the bandwidth of the pulse as only

sharp limit. Thus, a pulse shape that is suitable for a certain reaction can

be achieved. Rabitz et al. introduced the scheme of feedback–control, where

the effects of the laser pulse shape are used to create the next generation of

pulse shapes. Lasers have been successfully used to get access to new chemical

reaction channels, i. e. to processes that could not be caused without laser

assistance. For example, intense ultrashort laser pulses can create non–thermal

distributions that can lead to breaking a strong bond in the presence of a

weaker one.

Evidences that this approach can actually be used to optimize a certain

process or reaction have been shown in the mid-90s [40], which proved that it is

possible to control a chemical system with no knowledge a priori of the involved

Hamiltonians. Learning control experiments have successfully demonstrated

control over dissociative ionization, vibrational excitation, higher harmonic

generation, and much more.

Parallel to this vast development of applications for ultrashort lasers, their

efficiency and power has been more and more improved. Femtosecond laser

pulses that are shorter than 10 fs have been created [23, 22], and a variety of

excellent amplifier systems (optical parametric amplifier, chirped pulse ampli-

fier,. . . ) were designed to increase the realizable output powers. The intensity

regime of magnitude 1015 Wcm−2 and higher can nowadays be accessed with
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most amplifier systems, allowing to make experiments just one order of mag-

nitude below the atomic unit of intensity 3.51 · 1016 Wcm−2.

The aim of the project described in this thesis was to design and construct

an apparatus that is suitable for learning control experiments with molecules

in the gas phase. Therefore, a femtosecond laser system as well as a vacuum

system had to be built. We designed and built a time–of–flight (TOF) spec-

trometer because it is a very useful accurate apparatus, as it gives the mass

distribution of detected ions and information about initial kinetic energy for an

ensemble of molecules. This direct information can be recorded and analyzed

for each single laser pulse. It is particularly useful for looking at dissociation

processes, although it only works for ions. As we want to investigate neutral

dissociation, we built a pump–probe setup, where a shaped laser beam (pump)

causes the neutral dissociation, while a succeeding intense pulse (probe) after

a changeable time period ionizes the fragments, so that they can be detected

by the time–of–flight spectrometer. Ever since the pioneering paper by Wi-

ley and McLaren [33] time–of–flight ion (TOF) spectrometers have been an

important tool in molecular spectroscopy.

We start this thesis with a very brief description of the basic and neces-

sary theory about the optics involved in chapter 2. This includes modelocking,

the nonlinear polarization, Kerr Lens mode locking and others. We then con-

tinue with installation of the femtosecond laser oscillator and the chirped pulse

amplifier. Afterwards we introduce a “FROG” (Frequency Resolved Optical

Gating), a device that allows us to measure the full electric field of ultrashort

laser pulses.
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Chapter 3 discusses the design of the vacuum chamber, preceded by a

short introduction of the necessary formulas. The description of microchannel

plates refers to the explanation of the construction of the detector region that

follows. Finally, an overview of the whole setup is given in the last pages of

that chapter.

When one has built something over several months one cannot but want

to see it work. The first experimental results taken with the apparatus are

shown in chapter 4, where TOF data was taken for air, methanol and benzene.

The last chapter deals with the most interesting acetone data from pump

probe measurements, i. e. with two incoming laser beams at controllable time

differences. Several known properties could be verified, but also a few new

features appeared that might be interesting for further experiments in the

future.
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Chapter 2

Optics

In order to understand how the laser system works that is used to generate

the necessary intensities for the final experiment, a brief discussion of the

basic mathematics of the optical phenomena involved will be presented in the

following sections.

2.1 Modelocking

A laser is normally lasing in a few longitudinal modes, which are separated

by ∆ν = c
2L

, where L is the length of the cavity. How many modes actually

contribute is determined by the loss in the cavity and the gain bandwidth

(and other things like the actual pump power,broadening mechanisms, . . . ). If

the phases of the independent modes inside the cavity are random, the modes

form a diffuse beat, with a fluctuating amplitude behavior, as it can be seen in

figure 2.1 in the left picture, where 12 longitudinal modes with random phases

are shown. In order to achieve large intensities, it is desirable to lock the phase
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Figure 2.1: Sum of the electric field of 12 longitudinal laser modes with random
and modelocked phases inside a cavity

of the modes, i. e. to give adjacent modes a well-defined phase difference. The

right side of figure 2.1 shows the amplitude for 12 modes with a constant phase

difference; they are “modelocked”. The sum of the electric field of N adjacent

modelocked modes takes the form:

E(r = 0, t) =
N/2∑

j=−N/2

E0 sin([ω0 + j · 2π∆ν]t + φ) =

E0 sin(ω0t + φ)
sin(Nπ∆νt)

sin(π∆νt)
(2.1)

where ∆ν is the mode spacing, φ is the locked phase, and for simplicity r

is set to zero and all amplitudes have the same magnitude and polarization.

The form of the field is therefore given by a function sin(Nx)/ sin(x) for large

N and the more modes contribute, the more the electric field is peaked, as

it can be seen it figure 2.1. The pulse peak has a width of 2L
cN

and repeats

after t = 1
∆ν

= 2L
c

, which represents the round trip time in the cavity. In the

laser oscillator (KM Labs Model TS) in our laboratory about half a million

6



longitudinal modes are lasing and modelocked. Thus, the pulses durations lie

in the femtosecond regime.

To achieve modelocked operation of a laser, one has to find a way to

couple the phases. There are mainly two ways to get a laser to modelock:

active and passive modelocking. If an actual physical device is used to do this,

one speaks of active modelocking. As there is nothing like a shutter that can

open just for the short pulse duration, one has to think of another possibility

to generate pulses. For example lasers have been built where an intracavity

loss modulator at the frequency ∆ν allows the formation of pulses, although

not in the ultrashort regime [12]. Passive modelocking does not involve a

mechanism driven from outside the laser resonator. If a loss–mechanism that

depends on the intensity is introduced into the cavity, small fluctuations in

the continous–wave laser beam could be amplified, while weaker parts of the

beam would become weaker and weaker, until only one intense pulse is left.

This can be achieved via e. g. a saturable absorber.

A special way of passive modelocking is “self–modelocking”, where the

active medium itself acts as a material with an intensity–dependent gain–loss

profile. The femtosecond laser oscillator in our experiment is a Ti:Sapphire

crystal that is appropriate for self–modelocking and the Kerr lens effect (see

later in section 2.3.2).

7



2.2 Group Velocity and Chirp of Pulses

The optical pulses used for this thesis have a broad spectral bandwidth.

It is useful to introduce the spectral width of the pulse as ∆f = FWHM

(full width at half max) of the intensity spectrum, and also its pulse duration

∆t = FWHM of the intensity over time. From Fourier analysis we know that

t and ν are conjugate variables, therefore a pulse is limited by the relation [3]

∆f ·∆t ≥ k (2.2)

where the constant k is of the order of unity1. A pulse is called “transform–

limited” if its duration is minimal for the given bandwidth, i. e. if the equal–

sign in (2.2) applies.

The bandwidth of the pulse leads to interesting effects when the pulse

propagates through a dispersive medium. If different frequencies of the beam

see different indices of refraction, not every frequency gets the same phaseshift,

and the group velocity will change if the phase velocity dispersion is of higher

order than one. In a region of normal dispersion for example it will take

longer for a blue ray to traverse the medium than it takes for a red one. The

transform–limited pulse, which is nothing else but a wavepacket, gets spread

out by this effect. The pulse is moving through the medium with the group

velocity vG, which is defined as:

vG =
dω

dk
|k0 (2.3)

1The value of k depends on the actual shape of the pulse. It can be smaller than

one, see example in [11], where it is 0.315
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with the central wave vector k0. This equation can be rewritten using the

relation:

ω =
ck

n(k)
(2.4)

with the speed of light c in vacuum, the absolute value of the vacuum wave

vector k and the wavelength–dependent index of refraction n(k), so that we

come to the result:

vG =
c

n(k0)

(
1− k0

n(k0)

dn(k)

dk
|k0

)
(2.5)

Therefore, if the index of refraction is dependent on the wavelength, the group

velocity is changing. A measure to describe this change is the “group velocity

dispersion” or GV D, defined as:

GV D =
d2k

dω2
(2.6)

In substances with normal dispersion, the GV D is positive and after going

through the material low frequency components can be found earlier than

high frequency ones in a formerly transform–limited pulse , i. e. the pulse

acquired a positive “chirp” (see Figure 2.2, where the chirp is positive if the

direction of propagation is towards the left). If

diω

dki
(2.7)

is equal to zero for all i > 2, the chirp is linear, if higher terms exist, the

shape of the pulse is more complicated and it is e. g. also possible that blue

is followed by red and then by blue again.
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Figure 2.2: Electric field of a linearly chirped pulse

To provide a convenient description of the phase of E(t) after a pulse has

passed through a dispersive material, one can make a Taylor expansion of the

phase around the middle of the temporal intensity profile [28]:

ϕ(t) =
∞∑
i=1

1

i!
Ait

i (2.8)

where the coefficients Ai are given by:

Ai =
diϕ(t)

dti
|0 (2.9)

A closer look tells us that A0 is just a constant phase term and A1 is the angular

frequency at the middle of the pulse. The case where A2 > 0 corresponds to

the earlier positive chirp, and if Ai 6= 0 for i > 2 higher order dispersion can

be observed.

When designing a modelocked titanium sapphire oscillator it is desir-

able to compensate for the dispersion that is produced inside the crystal gain

medium, so a setup is used which introduces a negative GV D (or a negative

10



A2) to the pulse. Devices like prism pairs or gratings can only compensate for

GV D, i. e. second–order dispersion. The invention of chirped mirrors, a mir-

ror where the penetration depth and thus the plane of reflection depends on

the wavelength, made it possible to compensate for higher orders of dispersion

[22].

2.3 The Nonlinear Polarization

In many applications of physics, one can treat the electrons in an atomic

medium as classical oscillators. When an electric field E penetrates such a

medium, there is a response due to these oscillators inside the material. As-

suming a totally isotropic medium and a linear response the following relations

for the electric field E, the polarization P and the displacement D can be ob-

tained [4]:

D = εε0E = ε0E + P (2.10)

P = ε0χE (2.11)

where the quantity χ = ε− 1 is the electric susceptibility.

This linear approximation is only valid in the limit of low electric field.

Otherwise higher–order terms have to be taken into account. So in an experi-

ment involving a laser with intense ultrashort pulses the linear response is not

valid. However, one may expand the polarization in a series [11]:

P =
∞∑

n=1

χ(n)En (2.12)
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The coefficients χ(n) are the higher–order susceptibilities and are tensors of

rank n + 1 ([7]-[10]). However, the tensor indices will be suppressed, because

they are not necessary for a basic understanding of the effects for which we

will need formula (2.12). As long as the damage threshold of the material (on

the order of the electric field of the atoms) is not reached, equation (2.12) is

valid and can be rewritten for simplicity:

P = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + O(E4) (2.13)

Obviously the polarization can be split into the linear polarization (first term)

and the nonlinear polarization (higher terms), which is responsible for nonlin-

ear effects. The second–order susceptibility χ(2) for example describes second

harmonic generation and the Pockels effect, χ(3) gives rise to two photon ab-

sorption, third harmonic generation, the induced Raman effect, an intensity–

dependent index of refraction, the Optical Kerr effect, self–focussing and self–

phase modulation [14]. Some of these effects are important for the Master

thesis project and will therefore be discussed in the following sections.

2.3.1 Second–Harmonic Generation

We make use of second–harmonic generation to measure the actual du-

ration of the femtosecond pulses (see section 2.6). In high intensity fields the

nonlinear terms in (2.13) become important. In the simple picture [2] of an

incoming field of the form E = E0 sin(ωt) the formula (2.13) can be rewritten

as:

P = ε0χ
(1)E0 sin(ωt) + ε0χ

(2)E2
0 sin2(ωt) + ε0χ

(3)E3
0 sin3(ωt) + O(E4) (2.14)
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which can be further simplified to

P = ε0χ
(1)E0 sin(ωt) +

ε0χ
(2)

2
E2

0[1− cos(2ωt)]

+
ε0χ

(3)

4
E3

0[3 sin(ωt)− sin(3ωt)] + O(E4) (2.15)

The first term is a polarization that is varying with the same frequency as

the incident electric field. The nonlinear term proportional to E2
0 consists of

a constant polarization (responsible for optical rectification), and of a con-

tribution to the polarization that is oscillating twice as fast as the incoming

light wave. Therefore, it can radiate an electromagnetic wave with frequency

2ω, the second–harmonic. Analogously the term proportional to E3
0 sin(3ωt)

can lead to third–harmonic generation. The question might arise: Why does

one not observe second–harmonic generation at each lens or window that an

intense beam is passing through? The reason is that in an isotropic medium

like gases or liquids or in crystals with an inversion center, a reversal of the

axes leads to a contradiction in (2.13) unless χ(2) is equal to zero [5]:

−P(2) = ε0χ
(2)(−E)2 = +P(2) (2.16)

Therefore, only materials that are non-centrosymmetric exhibit second–

harmonic generation. Furthermore, a frequency–dependent index of refraction

makes it impossible to observe coherent second–harmonic light. If at one point

of the crystal light at 2ω is produced, it will not be in phase with the light

generated behind that point, because the initial wave that generates it sees a

different index of refraction. In order to overcome this problem one has to use

a birefringent crystal and cut it in such a way that phase matching is achieved,

13



i. e. that light with both ω and 2ω see the same dispersion. Birefringent ma-

terials like potassium–dihydrogen phosphate (KDP), ammonium–dihydrogen

phosphate (ADP), β–barium borate (BBO) or barium titanate (BaTiO3) can

be cut in such a way that this condition is achieved for a certain direction of

incidence [6].

2.3.2 Optical Kerr Effect

In a medium with χ(2) = 0 there is no second–harmonic generation and

if the phase–matching condition is not met also no significant third–harmonic

can be observed. Thus, formula (2.15) takes the form:

P = ε0χ
(1)E0 sin(ωt) +

3ε0χ
(3)

4
E3

0 sin(ωt) + O(E4) (2.17)

which can be rewritten as:

P = ε0

(
χ(1) +

3χ(3)

4
E2

0

)
E0 sin(ωt) + O(E4) (2.18)

The displacement D in equation (2.10) yields an expression for ε:

ε = ε0

(
1 + χ(1) +

3χ(3)

4
E2

0

)
= εl + εnl (2.19)

where εl = 1 + χ(1) is just the linear expression for the dielectric permittivity,

while εnl = 3
4
χ(3)E2

0 is the nonlinear contribution. The index of refraction,

defined as n =
√

ε, therefore takes the form

n =
√

ε =
√

εl + εnl ≈
√

εl ·
(
1 +

εnl

2εl

)
=

nl +
3χ(3)

8nl

E2
0 =: n0 + n2 · I(t) (2.20)
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So the index of refraction comprises the “ordinary” part plus a contribution

that is proportional to the intensity of the light wave [6, 11]. It should also be

mentioned that the contribution n2 is always larger than zero [10]. A medium

that shows this behavior is called a “Kerr medium”.

2.3.3 Self–Focussing and Self–Phase–Modulation

In the experiment we will deal with Gaussian femtosecond pulses, i.e. the

beam has a Gaussian shape in the transverse spatial as well as in the temporal

domain. The spatial distribution in a Kerr medium leads to the effect of

self–focussing, while in the time domain it causes the self–phase modulation.

A Gaussian beam with a large radius of curvature can be regarded as an

approximately plane wave when it encounters the Kerr medium. Due to the

intensity distribution over the beam cross section, the center sees a larger

index of refraction than the wings. The result is that the beam phase fronts

become increasingly concave (see figure 2.3, [16]), just as if they went through a

lens. Therefore also the name “Kerr lens effect”. This constitutes soft aperture

modelocking, where the self–focussing improves the overlap between the cavity

mode and the pump beam, increasing the gain for modelocked operation. In

hard aperture modelocking, a physical aperture is placed in the cavity, which

increases losses for the continuous–wave (cw) mode.

The optical Kerr effect also has an impact on the phase of the wave. If

the total phase behaves like kr, where k is the wave vector, the phase changes
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Figure 2.3: Self–focussing of an intense laser beam in a Kerr medium

when entering the Kerr medium:

kr =
ω0

c
(n0 + n2I(t))k̂0r (2.21)

which has a time–dependent phase correction

φ(t, r) = −k0rn2I(t) (2.22)

Just like in FM radio this phase modulation leads to the formation of several

sidebands, so that the frequency spectrum of the pulse gets broadened. Fur-

thermore, the phase between adjacent longitudinal modes is fixed, what leads

to a coupling between the modes and makes them lock together to a pulse.

Thus, the optical Kerr effect gives rise to the “self–phase modulation” and

can act like a passive modelocking device (see section 2.1) [1, 14]. Self–phase–

modulation gives rise to broader bandwidths than any other effect; it can be

enhanced using optical fibers in which self–phase–modulation occurs [13].
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2.4 The Ti:Sapphire oscillator

The experiment needs very short laser pulses, so in order to generate these

a Ti:Sapphire (Ti : Al2O3) oscillator had to be set up. Ti:Sapphire has a gain

bandwidth from 700 to 1100 nm, a very good thermal conductivity and is

able to store energy densities up to 1 J/cm2 [24]. Furthermore, it is a Kerr

medium and therefore can be used as a self–modelocking laser medium. Very

short laser pulses (< 10 fs) have been generated using Ti:Sapphire oscillators

[21, 22, 23], which only consist of a few cycles of the electric field.

Figure 2.4: Ti:Sapphire oscillator setup
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The laser we bought came in a kit from KM Labs (KM Labs Model TS).

The setup is mainly the same as in the pioneering paper [17] or in [24] and

can be seen in figure 2.4. The Brewster–angled crystal is in the center of the

cavity and cut in such a way that the polarization of both the pump laser and

the amplified pulse lie along the axis where the gain is largest. The population

inversion inside the crystal is achieved using a pump beam from a Nd : Y V O4

cw laser (Verdi) at 532 nm which we usually operate at 4.30 W. It is focussed

right into the crystal and enters the cavity through ‘curved mirror 1’ (see figure

2.4), which is highly reflective for the 800 nm range but transparent for the

green pump beam. Once many modes start to lase, it is difficult for them to

stay in phase because of dispersion. As the laser beam has to travel through

the crystal it acquires some dispersion from it so that the minimum duration

is stretched to about 60 fs [17]. By introducing a pair of prisms it is possible to

compensate for the GVD simply by adding GVD with a negative sign, so that

pulse durations of 20 fs can be realized inside the cavity. When we first set up

the laser and aligned it, we mainly followed the instructions in ref. [19]. After

all optical elements were fixed to the table in a rough alignment estimate, the

fine tuning began. By looking at dim reflections of spontaneous emission off

the prisms we finally got the laser to lase in cw mode, with output powers of

800 mW. By adjusting the cavity alignment we could make the laser operate

in several different TEM laser modes.

In order to modelock the laser, we minimized the amount of prism glass

the beam had to travel through, and to make use of the Kerr lens effect, we

had to move ‘curved mirror 2’ a little towards the crystal. Prior to moving
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Figure 2.5: Typical oscillator spectrum

the mirror the cavity was optimized for cw lasing. After moving it, the cavity

was optimal for a beam that gets an additional focussing from the crystal.

Watching the output beam one could see that the cw mode with its Speckle

pattern became unstable, an indication that the cw and the modelocked (ml)

operation are competing. The modelocking was finally achieved by introducing

an intensity fluctuation to the beam by giving a slight impulse to ‘Prism 1’.

The ml laser beam was perfectly round and did not show the Speckle structure.

We observed output powers of up to 700 mW in ml operation, but on an

everyday basis we use it at about 400 mW with a bandwidth of 70 nm around

the center wavelength of 800 nm. A typical spectrum can be seen in figure 2.5.

The oscillator turns out to be incredibly stable. No day–to–day alignment

is necessary in general, one just has to put it into ml operation. This can
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be done by slightly moving the prism or just by knocking against the table.

A first autocorrelation we took showed that pulses were 60 fs long and we

calculated back that inside the oscillator the duration was about 20 fs, taking

into account the dispersion of the 9.53 mm BK7 output coupler. Substituting

the end mirror with a special chirped mirror that compensates for GVD did not

make the pulse shorter. The limiting factor inside the cavity is at least third–

order dispersion, based on ref. [22], because the GVD can be compensated by

the prism pair.

2.5 The Amplifier

Our amplifier system is a multipass chirped pulse amplifier (CPA) from

KM Labs (KM Labs Model HAP–AMP) with high average output power. As

we did not build it but bought it already completely set up, I will not go into

detail and only describe the basics.

The femtosecond pulses from the oscillator with a few nanojoules energy

at a repetition rate of 85 MHz enter the amplifier and first get temporally

stretched (“chirped”) by the stretcher which mainly consists of a grating that

can separate the frequencies spatially. When they are brought back together

again, the pulse has a duration of several hundred picoseconds. After that, the

pulses (at p–polarization) go through a Pockels cell that picks out exactly one

pulse per millisecond and turns its polarization to s, all other pulses during

that millisecond are thrown away. This is done to match the repetition rate of

the pump laser for the Ti:Sapphire amplifier crystal, which operates at 1 kHz.
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It is a Nd:Yag laser from Quantronix at a wavelength of 532 nm that produces

pulses of a few hundred nanoseconds duration and can reach average pump

powers of up to 15 W.

The Ti:Sapphire crystal is inside a high–vacuum chamber. As a lot of

energy is stored inside the crystal by the pump laser, the crystal is cooled

by liquid nitrogen in order to maximize its gain efficiency (which is larger

for lower temperatures) and to suppress thermal lensing. When the oscillator

pulse that got picked by the Pockel cell propagates through the crystal, it

leads to stimulated emission and gets amplified with a gain factor of about

10 per pass. After this first amplification, the pulse travels through a 3 µm

pellicle that effectively broadens the bandwidth of the pulse by increasing the

loss for the center frequencies. This means that the gain per pass through

the amplifier is flatter than it would be without the pellicle. This process can

be repeated in order to make use of all the stored energy inside the crystal.

For this, the pulse is reflected back into the crystal at slightly different angles

and gets amplified further until a gain saturation of about 106. In our setup,

a pulse undergoes twelve of these passes through the crystal, the first eight

of which go through the pellicle, before getting picked off by a mirror. The

apparatus is called a multipass amplifier. The name CPA is due to the fact

that the pulses get chirped first in the stretcher to longer durations and lower

peak powers, so that the crystal does not get damaged, but also to increase

the time where gain inside the crystal can be achieved [20, 24].

Finally, the amplified pulse is recompressed in the compressor which

mainly consists of a pair of diffraction gratings that can put a negative disper-
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sion to the pulse and thereby compensate for the chirp in the stretcher. It is

even possible to compress the pulses to shorter durations than they had after

the oscillator, simply because the grating compensates for the output coupler,

thus making shorter pulse durations possible.

In everyday use the amplifier is run with a pump power of 11 − 12 W

and produces pulses of about 30 fs at an output power of 0.9− 1.2 W, which

corresponds to a pulse energy of 1 mJ and peak powers of 30 GW or more.

A typical pulse spectrum and its characteristic FROG trace (see following

section) can be seen in figure 2.6.

2.6 Frequency–Resolved Optical Gating

Since the pulses in our experiment are only a few femtoseconds long, it is

not easy to measure their actual duration or the shape of the electric field. In

order to understand the effect of a given pulse in a reaction with a chemical,

it is necessary to precisely know the shape of the pulse. Unfortunately no

electronic device can respond fast enough to facilitate a measurement of the

pulses over time. The fastest available photodiode has a rise time of hundreds

of picoseconds and is therefore too slow. The only possibility to get access to

the properties of the pulse is to measure it using itself, i. e. one has to use a

nearly instantaneously responding nonlinear medium and a setup that allows

for recovering the full electric field of the pulse.

Our first measurements to obtain the length of the oscillator pulses were

made using an autocorrelator like it is shown in figure 2.6. It mainly works
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Figure 2.6: Setup for the autocorrelator and the FROG

like a Mach–Zehnder interferometer, although the beams are not recombined

interferometrically. The imput beam is first split into two beams of equal

intensities using a beam splitter. The length of one of the the two arms of the

interferometer can be adjusted using two mirrors on a translation stage that

can be moved using a stepper motor (one step equals 99 nm). By doing this it

is possible to control the time delay between the two pulses in the two arms of
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the interferometer. The two beams are reflected so that they propagate parallel

to each other and are finally focussed by a curved mirror to the same point

inside a BBO (β–barium borate) crystal. The crystal is cut for type I phase–

matching at 800 nm and therefore is suitable for second–harmonic generation.

Both beams leave the crystal at the same angle they entered it, but they have

contributions of frequency–doubled light afterwards. A compensation plate is

introduced into the setup to match dispersion in both arms, because the beam

that goes through the beam splitter gets a little chirp from the material and

therefore is slightly longer. The plate, made of the same material as the beam

splitter, stretches the beam in the other arm in the same way so that both

beams are still equal at the crystal. However, a calculation showed us that for

a 20 fs pulse, the stretching does not add more than half a femtosecond.

Each of the two beams with wave vectors k1 and k2 generates second–

harmonic with 2k1 and 2k2 inside the crystal, so that two outcoming

frequency–doubled beams can be observed behind the crystal for all delays.

By moving the stepper motor (one step actually means 198 nm of delay, which

corresponds to 0.67 fs) the time delay τ between the two pulses at the crystal

is varied. It can be less than a pulse duration, i. e. the two pulses overlap

not only spatially, but also temporally at the focus inside the crystal. Then

both beams can contribute to the creation of frequency–doubled light simulta-

neously, which results in the generation of a third blue beam with wave vector

k1 + k2. Due to conservation of momentum this light will leave the crystal

exactly between the other two beams. The fundamental beams are blocked by

an iris, so that only light can reach the detector that is created by both beams,
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i. e. at the step motor position where the pulses overlap inside the crystal.

The detector of the autocorrelator is a photomultiplier tube (PMT), and

one simply measures the intensity of the frequency–doubled light for different

time delays. Unfortunately, the intensity autocorrelation does not lead unam-

biguously to the intensity as a function of time 2, so we only gain information

about the pulse in the time domain. The internal structure, i. e. the phase

and I(ω), is lost by integrating over all frequency components of the second–

harmonic in the PMT. In order to acquire the full electric field, we had to

modify the apparatus. The PMT was replaced by an Ocean Optics Spectrom-

eter (range ≈ 300 − 500 nm) in order to build a FROG (Frequency–resolved

optical gating)3, i. e. the signal was spectrally resolved.

With the spectrometer it is possible to collect information about the con-

tributing frequencies in the doubling process, too, by simply spectrally resolv-

ing the signal beam of the autocorrelation, that is why one often refers to the

“time–frequency” domain [25]. The result of a FROG measurement therefore

is a 2D–contour spectrogram (“FROG trace”) depending on the frequency or

wavelength and the delay time. The signal field of our FROG takes the form

Esignal(t, τ) ∼ E(t) · E(t− τ) (2.23)

2e. g. pulses with negative and positive chirp have the same autocorrelation; in

order to get information of the pulse duration, a pulse shape has to be assumed in

advance

3The name “optical gating” has been used because the first apparatus to use a

similiar setup just detected one beam that traversed a nonlinear crystal that was less

absorbed in the presence of the other pulse, i. e. acted as a gate function [25]–[28]
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Figure 2.7: Typical FROG trace and corresponding spectrum of a pulse from
the amplifier

so that its magnitude in the FROG trace is given by the squared Fourier

transform of the signal field [28]:

IFROG(ω, τ) =
∣∣∣∣∫ ∞

−∞
Esignal(t, τ) exp(−iωt)dt

∣∣∣∣2 (2.24)

The FROG traces were recorded with a LabView program from KM Labs

that I modified so that it works with the Zaber motor and our spectrome-

ter. The program comprises an algorithm to subtract background noise and a

reconstruction algorithm to retrieve the electric field of the input pulse from

the FROG trace4. It mainly starts from an initial guess and then simulates

FROG traces that satisfy the constraints (2.23) and (2.24), compares them to

the recorded one and minimizes the error. The reconstructed electric fields

4for a description of the algorithm, look into ref. [28]
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are in general unambigous over a large range of pulse durations, frequencies

and complexities, and the method is found to be “general, robust, accurate

and rigorous” [28]. A typical FROG trace and the corresponding spectrum

of a 31 fs pulse from the amplifier with a bandwidth of 37 nm around a cen-

tral wavelength of 785 nm is shown in figure 2.7. One can also see that an

integration of IFrog(ω, τ) over all delays τ just gives the autoconvolution I(ω)

of the frequency–doubled light, while integration over ω reproduces the ordi-

nary autocorrelation I(τ) that we got with the PMT. However, the FROG

trace is always symmetric around τ = 0, so that one actually cannot distin-

guish between positive and negative chirps of the pulse. This disadvantage of

the second–harmonic FROG can be overcome by other designs (e. g. third–

harmonic FROGs). While these FROGs do not feature the time ambiguity,

they are more complicated to construct and require higher intensities. The

ambiguity can also be resolved by inserting a known piece of material in front

of the FROG and measuring the changes in the pulse characteristics.
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Chapter 3

The Time–of–Flight Mass Spectrometer

One major part of the project was to design, build and test the vacuum

system. In order to faciliate the discussion, a basic mathematical description

is provided.

3.1 Vacuum Equations

Our turbo pump has a pumping speed of dV
dt

= 56 l/s at the inlet. Its

“throughput” Q is given by

Q = P · dV

dt
(3.1)

where P is the pressure; the units of Q are torr·l/s. Since the system should

mainly be realized using metal tubes, one has to know how these behave when

pumped out. Their throughput is defined as

Q = kBT
dN

dt
= (P1 − P2)C (3.2)

with P2 is the pressure at the end of the tube where the gas streams out. The

new quantity C is the tube’s “conductance”, which is a measure of a tube’s

28



capacity for transmitting gas.

The conductance of a tube does not only depend on geometrical factors,

but also on the density of the gas that is inside. The important quantities

are the mean free path λ of the gas and the Knudsen number Kn = λ
a
, where

a is a characteristic dimension of the tube (either the length or diameter,

the smaller one). If Kn is smaller than 0.01 the molecules undergo many of

collisions before reaching a wall. This regime is known as “viscous flow”. On

the other hand, if Kn is larger than 1, molecules rarely collide and do not

interact. This is known as the “molecular flow” regime. In the transition

region (Knudsen region) between the two (0.01 < Kn < 1), the description

is more difficult. Only semi–empirical formulas can be used as a description

[30]. In the viscous flow region, the conductance depends both on the average

pressure PAV and the viscosity η of the gas. For a cylindrical tube it becomes

(tube diameter d):

Cvf =
PAV πd4

128ηL
(3.3)

In the molecular flow regime, there is no dependence on the pressure, and the

conductance takes the form:

Cmf =
πd3

12L
· v̄ =

πd3

12L

√
8kBT

πm
(3.4)

with the mass m of the molecule.

From these formulas, one can see that tubes with different characteristic

lengths do not have the same ability to transmit gas. Thus, one can combine

tubes of different diameters to create regions with different pressures in the

setup without having to use several pumps. A chamber with a tube connecting
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to a high vacuum region and another connection to a low vacuum region will

eventually be in equilibrium at an intermediate pressure that is mainly gov-

erned by the conductances of the two tubes. Having several connected regions

that are at different pressures in equilibrium is known as “differential pump-

ing”. In a region with a liquid chemical and no other gas the pressure is

the vapor pressure of the substance, if there is no pump that removes the

molecules away. When there is a small connection to another chamber that is

at vacuum, we see from equation (3.2) that the throughput is governed by the

vapor pressure and the conductance of the connection. The vacuum chamber

will fill with molecules and get to the vapor pressure as well, unless it has an

opening to another chamber at even lower pressure. In the case where that

low pressure is held constant by a pump, there will finally be an equilibrium

pressure in the middle chamber, exactly when the two throughputs cancel each

other, i. e. as many particles as enter the middle chamber also leave it in the

same time, thus “differential pumping” is achieved [29].

3.2 Molecular Beam

To maximize the ionization signal, it is desirable that as many particles as

possible get into the laser beam focus. However, the total amount of molecules

entering the chamber should be kept low, because otherwise the vacuum would

decrease. This can be realized by letting the molecules enter the vacuum

chamber through a narrow nozzle, where the ratio of length to diameter should

exceed 10 in order to achieve a reasonable collimation [29].
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When the gas from a viscous flow region expands into vacuum with neg-

ligible background pressure compared to the other end of the narrow and long

nozzle, the molecules will undergo many collisions and only those which have a

velocity component parallel to the tube will make it through the nozzle, result-

ing in a narrower velocity distribution. Since the temperature and the speed

of sound depend on the width of the velocity distribution, both will drop, and

the Mach number increases steadily. At the point where it turns larger than

one, the flow becomes supersonic. When the molecular flow region is reached,

there is hardly any more collisions and the temperature is kept. The Mach

number “MACH” can be calculated using the formula from ref. [31]:

Plow

Phigh

= (1− γ − 1

2
MACH2)−1/(γ−1) (3.5)

which follows from the ideal gas equations (γ is the adiabatic exponent), al-

though one has to say that an ideal gas and continuum flow, especially in the

Knudsen region, are very optimistic assumptions.

The interpretation of the experiments is easier if most of the molecules

are in the vibrational ground state. This shall be realized by a supersonic

expansion. A small capillary leads to a withdrawal of energy from certain

degrees of freedom due to inelastic collisions that transfer energy from internal

degrees of freedom to directed motion, which means that the vibrational modes

are by far less excited than they would normally be at room temperature (the

temperature of the vibrational modes is smaller than the kinetic temperature).

Therefore, clearly a supersonic beam is desirable, but in our apparatus, we have

no unambiguous confirmation for it yet.
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3.3 The Interaction Cube

Since our laser beam is supposed to ionize molecules, I had to build a

chamber where the light can interact with a molecular beam. The basic frame-

work consists of an aluminum cube of 7.5 mm side length, that has three tubes

of diameter 3.8 mm bored through it which are centered on each of the 6 sides

of the cube (similiar designs in [34, 35]). This is a standard that allows for

connecting 6 KF40 vacuum nipples or flanges to the cube. In order to make

a molecular beam, we decided to use a small syringe fiber of inner diameter

20 µm that should reach into the cube. Furthermore, a setup was necessary

for imaging the nozzle and to position the nozzle optimally.

The syringes we use are from Western Analytical (outer diameter of

375 µm) and World Precision Instruments (O.D. 80 µm). These very small

fibers are too sensitive to move them unprotected, so they are glued with spe-

cial vacuum epoxy into a glass capillary (later steel to avoid charging) of O.D.

1
4

′′
. The mechanical feedthrough into the vacuum chamber is realized using a

bored–through UltraTorr–fitting from Swagelok that is welded onto a KF40

steel flange. The feedthrough is constructed in such a way that the glass cap-

illary can slide in and out of the chamber without breaking vacuum. On its

other end, the capillary goes into a bored–through UltraTorr reducer with a

steel tube of O.D. 3
8

′′
and an I.D. larger than 1

4

′′
, so that the glass can also

move into the steel tube without breaking the seal. The steel tube is connected

to a special 3D translation stage that I built. If the UltraTorr at the steel tube

is tightened harder than the one on the chamber, the glass will move with the
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steel tube, so that the nozzle position inside the chamber can be controlled by

moving the translation stage (see figure 3.1a).

The interaction region where the molecular beam meets the laser focus

lies between two steel plates of diameter 3.75 mm, which act as capacitor. The

top plate has a small hole of diameter 1 mm at its center, through which the

molecules will be able to escape the capacitor after they got ionized. Each

plate has four holes close to its edge, through which the plates are held in

place by four threaded 832 nylon rods from Microplastics. By using eight

plastic nuts to sandwich each plate, one has a convenient way to change the

distance of the plates as well as to control whether they are parallel or not.

In addition, they are perfectly insulated from each other. The four nylon rods

have to be attached to the bottom of the cube, which is realized by a special

solid O–ring holder that is tapped for the rod. Close to its center, it has two

holes for the wires that supply the voltage to the plates.

The first design for the electrical feedthrough to the plates was an alu-

minum flange with two holes, into which two wires in a ceramic were glued.

Several leak problems in vacuum compatibility tests were tracked down to the

ceramic being too porous. The second version, just copper wire glued directly

into the holes, worked well until the vacuum chamber was baked for the first

time to get rid of adsorbed molecules on the inside surfaces of the cube. After

that leak problems were present again. Further tests showed that the glue

(Loctite Hysol 1C epoxi–patch) loses its sealing ability above 100◦C, which

was also confirmed by graduate students from the Francium experiment next

door. The final solution is a hollowed KF40 stub with flattened sides to which
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Figure 3.1: The interaction region inside the cube, seen from the incident
direction of a) the laser; b) the molecular beam
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two BNC vacuum feedthroughs have been connected. Inside, two insulated

copper wires have been soldered to them, which run through the solid O–ring

holder to the field plates, where they are attached by a tiny screw. The wire

for the top plate actually goes through a small hole in the bottom one, but as

the wire is insulated, no shorting problems arise.

By applying a positive voltage to the bottom plate and fixing the top plate

to ground, cations get accelerated upwards and can get out of the capacitor

via the hole. After that, they travel through an aluminum cone as can be seen

in figure 3.1, that has three purposes: first it acts as an additional aperture

after the cone, second it shields the voltage of the top plate (if different from

ground) from the region above it, and third, it allows us to create a system of

differential pumping. In order to control the first one, the cone is threaded on

its outside and held by a tapped O–ring holder. Thus, it is possible to alter the

distance to the top plate of the capacitor. The last one is the most important

one, because the molecular beam of course raises the pressure in the chamber,

while our detector system (see 3.5) requires high vacuum.

The cone has a flat point with a hole of diameter 1 mm (later changed to

1.2 mm) and a length of 2 mm. In order to match the throughput of the nozzle

and the cone, we first make an estimate for the pressures involved. Behind the

nozzle, the vapor pressure of our chemical dominates (e. g. 760 torr for air,

100 torr for benzene at room temperature). In the detector region a pressure of

10−7 torr regime is desired and is reachable with our turbo pump, while inside

the cube a pressure of 10−4 torr should be kept, where the mean free path is a

few tens of centimeters, so the molecular beam does not encounter too many
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collisions prior to the interaction region. For these values, the throughput of

the cone is 6.0 · 10−6 torr l
s

(2.1 · 1014 particles per second), where one makes

use of formulas (3.2) and (3.4). This has to equal the throughput of the

nozzle. Unfortunately, the vapor pressure is so high that the Knudsen region

lies inside the nozzle. Therefore, it is not clear whether viscous or molecular

flow is dominant. Using formulas (3.3) and (3.4), one sees that the conductance

is about 0.5− 5 times (for 100− 760 torr) higher assuming pure viscous flow

than it is when pure molecular flow is assumed. Because of the small diameter

of 20µm, the beam becomes supersonic after a very short distance, which is

why we assume molecular flow over approximately the whole length. For air

we find that the throughputs are matched if the syringe has a length of 6 cm.

The outcoming molecular beam should then have a Mach number of over 100,

according to formula (3.5), although the continuous flow and pure ideal gas

assumptions might not hold after a certain length.

Although these calculations do provide a rough estimate of the pressures

involved and the appropriate sizes for the components involved, they do not

include some relevant aspects of the experiment. Outgassing inside the cham-

ber is a severe problem because the throughput of the cone is so small and

therefore it takes long to pump it out. This can be overcome by baking the

cube. Though it is possible to reach the desired pressure regime after baking

without the molecular beam, we did not achieve it with atmosphere as backing

pressure for the syringe. The pressure then exceeds 10−4 torr in the interaction

region. Also, the turbo pump can get into the 10−7 torr regime, but not when

the whole vacuum system is connected to it. The day–to–day pressure above
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the cone is about 2− 6 · 10−6 torr.

Since we tried to keep the laser at a height of 4′′ above the table in

our setup, I machined the cube assembly in such a way that the laser beam

can enter the cube through a thin anti–reflection coated Sapphire window of

thickness 250 µm from CVI whose center is at a height of 4′′ above the table.

The window is thin because one wants to avoid additional dispersion for the

pulse. The first optical feedthrough consisted of a steel flange with a hole

on which I glued the window. When it came to baking the chamber, the

glue proved to be inappropriate for the window, too, because a leak formed.

The glue–free version can be seen in figure 3.1b. The hole in the flange is

surrounded by a groove that holds an O–ring onto which the window is laid.

A metal ring with another O–ring is tightened onto the flange with screws so

that the window gets sandwiched between the O–rings. This version turned

out to be very good and seals well, especially because the vacuum itself presses

the window onto the O–ring and seals it.

The laser beam leaves the chamber through a commercial viewport con-

structed from ordinary thick glass. After this window, a lens makes it possible

to image the interaction region onto a screen. This is very convenient in order

to find the overlap of various axes: in fact all three axes have to be optimized

for obtaining a signal, because the position of the hole in the capacitor plate,

the laser beam focus and the molecular beam height have to overlap. Two

of them can be simplified by the imaging lens. Without a laser beam and a

focussing lens before the chamber one can simply take a flashlight and image

the nozzle and a thin wire that is stuck through the field plate hole onto the
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screen and thereby produce a cross hair (see figure 3.4 later), so that finding

a signal can be reduced to positioning the image of the focus to the place of

the cross hair.

3.4 Microchannel Plates

A microchannel plate (MCP) consists of millions of narrow glass capillaries

fused together and finally cut into a thin plate. When a charged particle

(or an x–ray photon or neutron) enters such a channel, it can emit several

electrons from the channel wall when it hits it, and a voltage across the plate

accelerates these electrons towards the other MCP side. As the channels are

not perpendicular to the surface but slightly tilted, this happens many times

before the back of the MCP is reached and thus, an avalanche effect is caused

that leads to a gain of about 104 at an acceleration voltage of 1000 V across

the plate. Furthermore, the channels confine the electrons and enable spatial

resolution, if needed (we actually do not need spatial resolution). The high

temporal resolution make them useful for time–of–flight spectroscopy [32].

In order to increase the gain, one can combine several MCPs behind each

other. Two impedance–matched (i. e. with the same resistance) MCPs with

opposite channel tilt are called “Chevron” assembly, and can reach a gain of

108.

The MCPs we have are a Chevron assembly (Del Mar Ventures, Model

MCP 24A/2) with channels of 10 µm diameter, a tilt angle of 5◦, a total
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diameter of one inch and an active area of at least 5 18.5 mm diameter, an

open area ratio of 55% and a thickness per plate of 430 µm.

3.5 The Detector

When the ions are produced by the laser beam they leave the cube via

the plate hole, they enter the time–of–flight tube which consists of a field–free

region and the detector. The latter one can be seen in figure 3.2. Because we

wanted to keep everything as compact as possible and the volume that has

to be pumped out very small, we wanted to keep everything in a standard

vacuum tube, so we developed an appropriate design and realized the detector

inside a KF50 nipple. Again, nylon rods from Microplastics were used to keep

it in place.

The detector consists of a steel KF50 blank flange from Trinos Vacuum,

into which I machined two BNC vacuum feedthroughs for the MCP backplate

and the anode that detects the signal. Furthermore, an SHV feedthrough was

welded onto it for the MCP front voltage. Underneath the flange, a massive,

solid O–ring holder of 1′′ thickness is placed. There are three holes drilled into

it, so that the electrical connections can reach through, and also three soldering

holes (not in figure 3.2) from the side to enable connecting the wires to the

feedthrough. The main part of the O–ring holder has a diameter of 4.8 cm

and reaches into the KF50 nipple. Close to its edges, there are four tapped

440 holes with threaded nylon rod. All other parts except the MCPs have four

5the channel pattern is not exactly round, so there is a minimum radius
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Figure 3.2: Cross section of the detector system of the TOF spectrometer

holes and are simply stacked up. Thus, the whole assembly is very robust. The

first layer is a nylon washer with channels cut for the MCP wires to go to the

edge of the assembly (see figure 3.2), then an ordinary washer to insulate the

following anode, which is made out of a 1
8

′′
stainless steel plate. We considered

making a conical anode, like it is used in electron TOF spectrometers, to

match the impedance, but came to the conclusion that this is not necessary

for ions, as the time resolution of a simple plate should be sufficient. On

top of the anode there is another nylon washer and then the back electrode

consisting of a very thin steel ring with a center hole of diameter 1′′, the area

of the MCPs. Del Mar Ventures produces the MCP Chevron assembly glued

into holder consisting of a Z–shaped metal ring, an insulating ring, a metal
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ring (connection for the backplate voltage), the MCPs and another Z–shaped

metal ring (for the frontplate voltage). The design allows for placing the MCPs

between the nylon rod, placing another thin electrode and a nylon washer onto

it and tightening the whole assembly with plastic nuts, so that the MCPs stay

in place and have good contact to the electrodes. The wire to the front plate

is guided by a ceramic tube to make sure the high voltage cannot short out

somewhere.

3.6 Complete Vacuum Setup

A view of the total vacuum system can be seen in figure 3.3. The molecular

beam enters the chamber through the nozzle and proceeds to the interaction

region in the middle of the cube underneath the field plate hole. The cations

get accelerated towards the hole and escape through it, pass the cone and enter

the time–of–flight tube, where they first see a field–free region of ≈ 26 cm

length until they reach the grounded wire mesh. The wire mesh has an open

area of about 44%. We measured its transmission optically. After the mesh

the particles see the negative high voltage of the MCP front, are accelerated

towards it and finally cause a cascade of electrons that hits the anode and can

be seen on the oscilloscope.

The actual distances between MCPs and mesh, mesh and capacitor plate,

and plate and laser focus do no affect the TOF spectrum pattern in a signif-

icant way, they simply shift the peaks together. The distance between laser

focus and top plate changes with the beam height anyways. As all particles
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are produced at the same time, travel the same distances and see the same ac-

celeration voltages, the time for different peaks on the scope is directly related

to their mass (their ratio of charge to mass, to be exact) via the relation:

t1
t2

=
m2

1q
2
2

m2
2q

2
1

(3.6)

This equation is only true if they all have the same kinetic energy when they

are created by the laser pulse. Formula (3.6) can be used for the calibration

of a spectrum if two peaks can be easily identified. The length of the TOF

also is sufficiently small so that there is no overlap of signal from different

laser pulses. The repetition rate of our amplifier is 1 kHz, i. e. one pulse each

millisecond, while in the experiment heavy ions like benzene (78 atomic mass

units) arrive after less than 100 µs, while lighter ones arrive earlier.

In the experiment it is desirable to have the possibility of easily changing

the molecular sample while still achieving the highest purities. We realized

this by the design shown in figure 3.3: a test tube that was made for us by

the glass blower of the chemistry department. It is connected with an Ul-

traTorr fitting to the vacuum system and can be removed easily. In order to

get a pure molecular beam, we make use of “freezepump cycling”. With both

the freezepump and the beam valve closed, one first pours the old substance

out of the test tube and cleans it. Once the sample holder is replaced, we

close the turbo breath valve and open the freezepump and the beam valve,

so that all remaining molecules from the previous sample are evacuated. Also

molecules on the inside of the tubes are pumped out by the roughing pump.

The freezepump valve is closed again and the new chemical is poured into the
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Figure 3.3: Complete setup of the vacuum system

43



test tube. Then, the test tube is dunked into a styrofoam cup with liquid

nitrogen. The substance will freeze, while most of the other gas (nitrogen,

oxygen, hydrogen) that is in there will not. Unfortunately water will not get

pumped out, but we can look for it at mass 18 amu, where there is nothing

else. Opening the freezepump valve will pump most of it away, especially

when the melting point of the substance is high and it will therefore immedi-

ately freeze, so that other gas components in there cannot reach their freezing

point. After closing the valve again the substance will melt, as well as other

substances that nevertheless froze, but that will now vaporize to a large ex-

tent. By repeating the freezepump cycle several times the amount of typical

air molecules can be minimized, although it is hard to get rid of some compo-

nents that have a high freezing point, namely water. After enough cycles the

freezepump valve is closed for good, the breath of the turbo is opened again,

and while the chemical is melting the pressure in the test tube will rise to

the characteristic vapor pressure and the molecular beam increases to its final

intensity. Another convenient feature of the molecular beam setup is given by

the beam valve. When the substance is slowly melting after the freezepump

cycle, it passes through all temperatures from 77 K (liquid nitrogen) to room

temperature. The beam valve allows us to choose any vapor pressure in that

temperature region. The bellows and tubes between the valve and the nozzle

can be regarded as an infinite reservoir in regard to the throughput of the

nozzle. Thus, the pressure behind the nozzle can be easily controlled.
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3.7 Pump Probe Setup

In order to study the internal dynamics of the molecules and to distinguish

between neutral and ionizing dissociation we built a Mach–Zehnder interfer-

ometer to have two separate pulses cross at the focus inside the interaction

cube. The setup can be seen in figure 3.4. The beam from the amplifier hits a

beamsplitter and is divided into the pump (transmitted) and probe (reflected)

beam.

Figure 3.4: Pump probe setup for the laser incidence into the vacuum chamber;
the laser beam enters a Mach–Zehnder interferometer with the deformable
mirror pulse shaper in one arm and the stepper motor in the other one to
control the time delay
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In a deformable mirror pulse shaper designed by David Cardoza, the beam

hits a grating and therefore acquires a spatial chirp, i. e. the different frequen-

cies are spread to different positions. A cylindrical mirror is used to collimate

parallel incidence of the different frequency components onto the deformable

mirror, a gold–coated pellicle. Behind the mirror, there are twenty vertical

metal pins to which high voltage can be applied. This leads to a deforma-

tion of the mirror because the pin and the mirror act like a capacitor and we

get an attractive force on the mirror. The active optical length that certain

frequencies have to travel until they get reflected can be controlled by this

assembly, which means that we are able to control the arrival time of the dif-

ferent frequency components in the pulse and therefore the pulse shape. Since

there are twenty pins with 256 voltages for each, we can theoretically shape

the pulse in 25620 (more than 1048) ways. In learning control pulse shaping

experiments a genetic algorithm is used to control and alter the voltages on the

pins in order to increase a certain signal. Using different techniques [38, 39]

to decide whether a pulse shape is good or bad the algorithm can stepwise op-

timize the desired signal without having information about the Hamiltonian

of the system, thus one speaks of learning control. The apparatus presented

in this thesis will eventually be used for genetic algorithm learning control

experiments like in ref. [40, 41, 44].

After hitting the deformable mirror the pulse travels through the pulse

shaper again at a slightly lower height and gets picked off by a pickoff mirror

that sends it to another mirror and from there onto the front lens before

entering the chamber. A waveplate can be put after the last mirror to control
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the polarization of the pump beam (see section 5.3).

The probe beam just goes through a delay line (see figure 3.4) that has ex-

actly the same length that the pump has to travel before entering the chamber

(more than three meters). The last mirror sends the probe beam parallel to

the pump beam onto the front lens so that they are focussed to the same point

into the chamber. As our pulses are just 30−100 fs long it is not easy to make

sure that they both arrive at the focus at the same time. In order to control

this we have another Zaber step motor in the delay line that can control the

time delay between the pulses and that enables us to move the probe beam

through the pump beam, i. e. to control whether the probe or pump arrive

first or whether both overlap (“time–zero”). Time zero is found by refocussing

the beams with the imaging lens and creating an image of the focus outside of

the chamber. The reflection of a microscope slide is sent to a KDP doubling

crystal to generate second–harmonic light. Like in the FROG, the temporal

and spatial overlap of the two beams can be recognized by three instead of

just two frequency–doubled beams that leave the crystal. This overlap inside

the crystal therefore is an indication for overlap inside the chamber.

As our ultrashort beam is composed out of a broad bandwidth of wave-

lengths one has to worry whether all these components all have the same focal

point. The differences in focal length and Rayleigh range for a planoconvex

BK 7 lens that has a focal length of 10 cm for 532 nm are given in table 3.1.

The indices of refraction have been taken from the Melles–Griot catalogue,

the numbers have been calculated using formulas from ref. [1]. The measured

beam waist is 2 mm before the lens and we have almost zero curvature.
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λ (nm) n(λ) f(λ) (cm) w(λ, f) (µm) z0(λ, f) (µm)

532 1.51509 10.000 10.073 506

786 1.51106 10.079 12.61 639

821 1.51.037 10.093 13.19 670

Table 3.1: Focal length, beam waist and Rayleigh range of the front lens for
different wavelengths

One can see that the difference in focal length in the frequency regime

around 800 nm is about 150 µm, while twice the Rayleigh range is almost ten

times this number. Therefore, although the focus will be at different points,

the regions of biggest intensity will overlap for all frequencies. We also bought

an achromatic lens that reduces spherical aberrations by a factor of ten, so

that there is no displacement of the foci of the two beams when they hit the

lens parallel, but not necessarily symmetric around the axis of the lens.
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Chapter 4

First Results

4.1 Air Measurements

After everything was assembled, first measurements could be taken. Sev-

eral LabView programs were written and the Digital Oscilloscope (Tektronix

2430A) was connected to the computer via a GPIB connection. At first, we

simply let the laser beam into the chamber without a molecular beam. We

ionized the background gas in the chamber that was at a higher pressure than

it was with the molecular beam. The raw data can be seen in figure 4.1, where

100 traces have been downloaded from the oscilloscope and averaged on the

computer. This data was taken with −1800 V at the front and −30 V at the

back plate of the MCPs, +75 V at the bottom capacitor plate and a grounded

top plate. The laser pulse was not fully compressed and had a duration of

54 fs. The plots a (top) to c (bottom) correspond to pulse energies of a)50 µ

J (ND1), b)110 µJ (ND0.5) and c)350 µJ or intensities of 1.7 · 1014 Wcm−2,

3.8 · 1014 Wcm−2 and 1.2 · 1015 Wcm−2 in the focus.

The three plots show the actual data array from the oscilloscope, which
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Figure 4.1: Oscilloscope traces for the ionization of air at intensities of a)1.7 ·
1014 Wcm−2, b)3.8 · 1014 Wcm−2 and c)1.2 · 1015 Wcm−2; The bars correspond
to the trigger position and arrival times of ions with a mass of 1, 14, 16, 18,
28 and 32 amu
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is triggered by a fast photodiode behind the window of the interaction that

looks at the image of the focus in the chamber. As the trigger position is set

to be in the middle of the downloaded trace, only the data points 500 to 850

(which corresponds to the 35 µs after the laser pulse ionized the molecules)

from 1024 are plotted. Assuming the N+
2 peak can be easily identified, the

scale can be calibrated. The grid lines in the plot show the position where

peaks should appear that resemble time zero and masses of 1, 14, 16, 18, 28

and 32 atomic mass units, because we expected to see hydrogen and water as

well as nitrogen and oxygen molecules and atoms at high intensities.

The result for the lowest intensity was in agreement with our expectation,

only parent ions could be observed, the intensity was not sufficient for a disso-

ciation. There is a consistency between integrated peak values and ionization

potentials (neglecting internal structure of the molecules): for N2, the ioniza-

tion potential is Ip = 15.58 eV, for O2 12.07 eV and for H2O 12.62 eV [42].

Thus, nitrogen should be harder to ionize than O2 in a simple ‘atomic picture’

that does not account for molecular structure and in the limit of perturbative

field strengths. We see a smaller signal, even if one takes into consideration

that nitrogen is three times as concentrated in air. The reason why the water

peak is so large compared to the oxygen with comparable ionization potential

is because the pump rate for water is very small compared to the other air

components6.

6At a pressure of 10−3 torr, more than 75% of the remaining gas in the vacuum

system is water vapor [43]
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It should also be mentioned that a small peak at the trigger position is

ringing from the Pockels cell of the amplifier, which is useful, as it makes it

easy to estimate when the interaction took place and where in the oscilloscope

trace. This little peak is present in all the data shown here.

At the middle intensity, the amount of N2 that can be ionized increased

by a large amount, while the O+
2 peak stays almost the same, and the water

peak became very small. We see the onset of dissociation because water gets

dissociated and besides the H2O
+ peak also H+ can be observed. The O2 is

dissociated, too, and to a small extent maybe also nitrogen. The peak in figure

4.1 between the two grid lines for masses of 14 and 16 amu might therefore be

a combination of signal from mainly O+ and a little N+. What is interesting

is the fact that the hydrogen peak, as well as this oxygen peak, arrive too

early, i. e. they get some kinetic energy from the electric field of the pulse or

from acceleration when they get repelled by the other fragments. The effect of

single hydrogen protons reaching the detector with a considerable additional

kinetic energy has also been observed by Levis et al. [45] and others [48].

At the highest intensity, few intact parent ions can be observed. One sees

large peaks of O+ and N+. The arrival time of the H+, N+ and O+ peaks is

not consistent with zero kinetic energy, and there are peaks that can only be

explained by multiply charged species. This can also be concluded from their

relative distances.

What can also be seen in figure 4.2 is that for increasing intensities the

whole spectrum moved slightly to shorter flight times, e. g. the O+
2 peak. We

found out later that the 50 Ω terminator we used to ground the top plate
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Figure 4.2: Mass–calibrated TOF traces for the ionization of air at intensities
of a)1.7 · 1014 Wcm−2, b)3.8 · 1014 Wcm−2 and c)1.2 · 1015 Wcm−2
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of the capacitor does not keep the top plate at ground, but allows for some

charging of the plate which cannot completely discharge before the subsequent

laser shot, so the top plate charges up. This is of course more evident at higher

intensities where there are more charges created per shot of the laser. This

explains a general shift of the peaks at higher intensities, because all ions are

accelerated by the additional charge on the plate in the same way. This can

also happen if the nozzle charges up. A confirmation that the shift is a charge

effect was found by looking at the small peaks that were identified as O2+,

N2+ and 03+, N3+. The ratio of the shifts in arrival times is 2 : 3 (with a

deviation of about 5%). If there is space charge or acceleration through other

ions, lighter fragments should be more affected than heavier ones.

Figure 4.2 shows the same data rescaled with mass calibration. The cal-

ibration was done using time zero and the N+
2 peak. The parent ion peak

is very important for the calibration because the parent molecules are the

only ones that have zero kinetic energy initially in the frame of the moving

molecular beam.

4.2 Methanol Measurements

Methanol (CH3OH) is the lightest alcohol with a molecular mass of

32 amu. Its ionization potential is 10.84 eV. The behavior of methanol in

a very intense femtosecond laser field has most recently been examined by Wu

et al. [51]. They made their experiments with an intensity of 2 · 1015 Wcm−2

and observed a Coulomb explosion. A Coulomb explosion is a process where
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several electrons are stripped off before the atoms in the molecule have a

chance to change their center of mass position. The highly charged molecular

ion then breaks apart due to the Coulomb repulsion. The interesting difference

to fragmentation directly by the laser is the appearance of multiply charged

cations with additional kinetic energy.

We performed this experiment after the air experiment at the same in-

tensities of 1.7 · 1014 Wcm−2, 3.8 · 1014 Wcm−2 and 1.2 · 1015 Wcm−2 in the

focus. The results can be seen in figure 4.3, where a is the lowest and c the

highest intensity. Each plot is an average of 500 single traces with each trace

representing the ion spectrum for a single laser shot. At the low intensity we

see residual water at 18 amu (see figure 4.4) and a peak at 32 amu, which is

a combination of O+
2 and the parent ion. Comparing with the air measure-

ment in figure 4.2, there are several differences. First, there is signal between

28 amu and 32 amu, which represents methanol molecules that have been de-

protonated once or more times (hydrogen does not appear as an own ionic

peak). Second, there is an oxygen peak at 16 amu that was not observed in

air, therefore it must be from the oxygen in the methanol. Also, some OH+

can be seen at 17 amu.

At the middle intensity, the parent ion peak is significantly reduced, while

the peak at 28 amu dominates the spectrum, which is a mixture of N+
2 and

CO+. Like in air, the N+ peak appears and is shifted towards earlier arrival

times. The most remarkable peak is the hydrogen peak that appears. It is

very broad and looks more like two peaks where the one that arrives first is

smaller. The same can be seen at our highest intensity. Although this is a
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Figure 4.3: Oscilloscope traces for the ionization and dissociation of methanol
at intensities of a)1.7 ·1014 Wcm−2, b)3.8 ·1014 Wcm−2 and c)1.2 ·1015 Wcm−2
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Figure 4.4: Mass–calibrated TOF traces for the ionization and dissociation of
methanol at intensities of a)1.7 · 1014 Wcm−2, b)3.8 · 1014 Wcm−2 and c)1.2 ·
1015 Wcm−2

57



small effect, it has also been observed by Wu et al. [51]. This peak gives rise to

two conjectures: first we have a Coulomb explosion and the substructure in the

hydrogen peak is caused by forward and backward kinetic energy distribution

relative to the TOF tube (≈ −20 to 20 eV initial kinetic energy). If this is

true, then second we might be able to conclude that we really had a problem

with an upcharging top plate, because the second peak, composed of protons

that approach the bottom plate first, is larger, which could mean that they do

not see a charge effect of the same magnitude that the others do.

Evidence for the production of a Coulomb explosion can be seen in 4.3c,

where we can clearly see small peaks at m
q

equal to 4, 6 and 8 and also a similiar

structure at even smaller m
q
. These peaks represent multiply charged carbon,

nitrogen and oxygen cations. Compared to the air measurement, the inte-

grated H+ peak is immense, another indication that the methanol underwent

a Coulomb explosion.

This experiment was in good agreement with Wu et al. [51]. Unfortu-

nately we did not reach the resolution they had because of data acquisition

problems that are currently being resolved.

4.3 Benzene Measurements

Benzene(C6H6) is the smallest aromatic molecule at a molecular weight of

78 amu. Its ionization potential is 9.24 eV, close to that of acetone (9.70 eV)

and much smaller than that of the main air constituents. The ionization

behavior of benzene and other molecules has been studied by Levis et al. in
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ref. [46, 47] at intensities up to 3.8 · 1013 Wcm−2. They mainly looked at

the ionization rate of the parent molecule but did not study any dissociation,

which requires higher intensities.

Some of our results can be seen in figure 4.5. The trace in 4.5a was taken

at an intensity far below 1014 Wcm−2. It agrees with previous results by Levis

et al. [46, 47]: a very sharp and intense peak corresponding to the parent ion

C6H
+
6 , but no fragmentation. The figures 4.5b and c where taken at intensities

of 7.6 · 1013 Wcm−2 and 2.1 · 1014 Wcm−2. Several different ion peaks can be

observed. In figure 4.6 the x–axis has been scaled to molecular mass by using

the trigger time and the parent ion peak arrival time for the transformation

to mass calibration.

In figure 4.6 one can see the parent ion C6H
+
6 on the right. For the higher

intensities the parent ion peak broadens towards lower masses, because also

C6H
+
n (n < 6) are generated. Further to the left, there are very tiny peaks, one

at around a mass of 58 amu (this is actually residual acetone from a previous

experiment inside the chamber and the molecular beam setup). The following

peak at around 50 amu is C4H
+
n (n = 0 . . . 4) because it is caused by fragments

of benzene having four carbon atoms. The large and broad peak at around

38 amu originates from benzene dissociation into fragments with three carbon

atoms C3H
+
n (n = 0 . . . 3). The only other peak that can be identified is at

18 amu and therefore is residual water in the beam 7.

7H2O, O2 and N2 can also be seen in other TOF data: see ref. [45, 50] or

especially water in ref. [51]
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Figure 4.5: TOF spectra for benzene at intensities of a)≈ 1013 Wcm−2, b)7.6 ·
1013 Wcm−2 and c)2.1 · 1014 Wcm−2
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Figure 4.6: Mass–calibrated TOF spectra for benzene at intensities of
a) ≈ 1013 Wcm−2, b)7.6 · 1013 Wcm−2 and c)2.1 · 1014 Wcm−2
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The picture changes for the higher intensities, with several interesting new

features appearing. The parent ion peak is more narrow than it was for the

middle intensity, because the aromatic carbon ring is destroyed rather than

deprotonated. Smaller peaks representing fragments such as C5H
+
3 (63 amu) as

well as N+
2 and O+

2 can be observed. The acetone peak increases significantly

and splits up into parent and deprotonated ions. At 42 amu we see the acetyl

ion CH3CO+, an acetone without a CH3, whose ion shows up at 15 amu

in the trace8. The two most interesting changes can be seen in the C3H
+
n

and C4H
+
n peaks: the latter one seems to become smaller, while the first one

increases its area. The peak structure suggests three peaks at 37, 38 and

39 amu, namely C3H
+, C3H

+
2 and C3H

+
3 , although we reached the limit of

resolution with the number of traces for this data set. So the intensity might

not only change the amount of dissociation, but also the branching ratio for

the different dissociation channels. This coincides with the appearance of a

H+ peak that could not be observed at lower intensities.

These tests of the apparatus with benzene made us understand most of the

features of the time–of–flight spectrum in both technical details and molecular

physics. We see fragmentation that depends on the intensity of the laser pulse,

multiply charged ions and protons with a significant initial kinetic energy.

Further experiments will be very interesting. Very recent dissociation

8At the high intensity all peaks drifted slightly to earlier arrival times, especially

the smaller fragment peaks. We think this is mainly due to the “slow” 50 Ω resistance

between ground and the capacitor top plates, which causes a charge–up of the plate
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experiments with benzene that examined the translational energy given to

H+ fragments [48] and also pump probe ionization experiments [49] can be

used as a starting point for new experiments with our setup.
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Chapter 5

Acetone Measurements

Acetone (CH3COCH3) is the smallest ketone with a molecular mass

of 58 amu. Its dissociation behavior for intensities in the region 0.7 − 1.1 ·

1014 Wcm−2 has recently been studied by Tang et al. [52]. We used acetone

to test out the pump–probe apparatus and to see how circular polarization

influences our signal.

5.1 High Intensities

The low intensity region has been studied and is in agreement with a

stepwise process for the dissociation (see Tang et al. [52]). There are different

dissociation thresholds for different bonds of the molecule. By increasing the

intensity, it is possible to open new dissociation channels where a bond can be

broken that was unbreakable at lower intensities. Therefore ‘stepwise’ refers to

the appearance of new fragment ions once the intensity exceeds the dissociation

threshold of the corresponding bond.
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We made our first measurements of the dissociation of acetone with in-

tensities of 1.7 ·1014 Wcm−2, 3.8 ·1014 Wcm−2 and 1.2 ·1015 Wcm−2 (see figure

5.1). These intensities were too high to see the stepwise dissociation of ace-

tone. At the lowest intensity we observed a strong parent ion peak, the acetyl

ion CH3CO+, and the presence of smaller peaks of CH+
3 , CH3C

+ and 0+
2 . For

short arrival times there is already a considerable H+ peak. Multiply charged

species provide evidence for a Coulomb explosion, which is already indicated at

this intensity by small peaks. For the higher intensities these multiply charged

ion peaks become larger and new ones appear. At the highest intensity the

C3+ peak dominates, but already at lower intensities fragments with m
q

smaller

than 12 amu
e

were detected.

Figure 5.1: Oscilloscope traces for the ionization of acetone at intensities of
a)1.7 · 1014 Wcm−2, b)3.8 · 1014 Wcm−2 and c)1.2 · 1015 Wcm−2
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This Coulomb explosion was actually not what we intended to see and so

these measurements are only of minor relevance for the research we plan to

carry out with the apparatus. Nevertheless, they are very interesting because

they demonstrate that the pulses from our amplifier can easily dissociate many

different molecules, that we are able to understand the TOF spectra, that

there is rich underlying dynamics with many different regimes. Furthermore,

they give us an idea of processes that can occur to other molecules with high

intensities.

The asymmetry of the parent ion peak, best seen at the lowest intensity,

differed from our expectation of the spectrum. As the parent ion peak cannot

get additional kinetic energy from the laser pulse, the asymmetry is not due to

the ionization process itself. It is possible to take one or more hydrogen atoms

away from the molecule, what would result in an ion signal corresponding to

masses of 51 − 58 amu, but the asymmetry can be seen in the whole region

between the parent ion peak and the CH3CO+ peak that corresponds to a mass

of 43 amu. Thus, we conclude that this is not the reason for the asymmetry

either.

The asymmetric behavior was not observed when we used another lens (an

achromat) that compensated for spherical aberrations. Therefore, we think

that the distribution of space charge was different for the lens used in the

measurement of figure 5.1, because the focal volume was larger than for the

achromatic lens, so that the observed asymmetry is a consequence of space

charge.
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5.2 Pump Probe Data

In our Mach–Zehnder interferometer the deformable mirror pulse shaper

allows for changing the duration and the shape of the pulse. The data in

figure 5.3 has been recorded with a probe of 40 fs and probe beams of 114 fs

and 189 fs. The intensity at time zero (i. e. the combined intensity of both

pulses) in the focus was 2.0 · 1014 Wcm−2 for the 114 fs and 1.7 · 1014 Wcm−2

for the 189 fs pump pulse. The probe pulse contributed an intensity of 1.4 ·

1014 Wcm−2, while the pump pulses had an intensity of 5.8 · 1013 Wcm−2

(114 fs) and 3.5 · 1013 Wcm−2 (189 fs) in the focus. Reconstructed intensity

and phase based on FROG data of the three pulses can be seen in figure 5.2.

For those parts of the pulses where the intensity is not clearly above the noise

level, the phase are irrelevant.

Figure 5.2: Reconstructed intensity and phase for the 40 fs probe and the
114 fs and 189 fs pump pulses
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The different pump beams totally change the behavior of the ion spectrum

as a function of pump probe delay. In the case of the shorter pump pulse

(top) the parent ion signal gets smaller at time zero. When the pulses begin

to overlap, one would expect an increase in the parent ion signal, which is

not observed. This might be due to saturation, i. e. the maximum amount

of molecules is already ionized by the two non–overlapping pulses. When

the overlap becomes stronger, the intensity of the light in the focus is the

combination of both pulses, as they sum up. As can be seen from the TOF

spectra shown earlier, fragmentation increases with increasing intensity, so the

share of dissociation is rising.

With the longer pulse the CH3COCH+
3 peak is increasing at time zero.

The saturation might therefore not yet be achieved. That means the probe

and this shorter pump pulse cannot ionize everything, in contrast to the pump

probe scan with the short pump pulse.

It is also possible that the chirp of the pump pulse plays an important role

in changing the behavior of the parent ion peak near time–zero. This point

requires further investigation in future experiments.

Taking a closer look onto the top picture in figure 5.3 one can also the

appearance of H+ signal during the time the two beams overlap temporally,

as well as a pale line of CH3C
+ between the water and the CH3CO+ line.

Furthermore, the parent ion pulse is smeared out at time zero. We believe

that this is due to the creation of CH3COCH+
n (n < 3). This is another

indication that dissociation is increased at time zero. The shift that all the

peaks undergo is discussed in the following section.
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Figure 5.3: Pump probe experiment with a 40 fs duration probe pulse and
pump pulses of 114 fs (bottom) and 189 fs (top) duration
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Figure 5.4: Boxcar–integrated parent ion signal for 114 fs (top) and 189 fs (bot-
tom) pump beams; smoothed curves are shown red; the blue curve represents
a mirror of the positive slope

To gain more information about the region near time–zero, we made a

boxcar–integration around the parent ion signal, as shown in figure 5.4. Of

course, the average signal for the longer pump pulse (bottom, increasing signal

at time zero) is lower than for the shorter one (top, decreasing signal at time

zero). In both cases the slope is steeper when the pump catches up with the

tail of the probe. The two integrated ion traces have a duration of (215±10) fs

and (360±15) fs, which is longer than expected from an autocorrelation of the

two pulses based on the electric field as measured by the FROG, by time spans
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of 100 fs and 170 fs. The blue line in the upper graph is an image of the earlier

points at the time where the slope of the signal is becoming level. If the ion

peak were symmetric in time with an equal rise and fall time, then it would

have a duration of 120 fs. One can conclude that the asymmetry is caused

by a molecular effect that might be explained by an intermediate state that is

easier accessed by the probe and ionized by the pump than vice versa. This is

also what can be seen in the asymmetric shifts of figures 5.7 and 5.3. The state

would have a lifetime of a few hundreds of femtoseconds. Furthermore, the

smoothed signal (red curve) shows an interesting substructure with a repetition

rate of about 100 fs. This could be another indication for intramolecular

dynamics.

5.3 Polarization Effects

Several experiments have been undertaken to study the influence of the

polarization of the incoming light on the dissociation process. Couris et al.

[53] have shown that there is a relation between linear polarization and the

angular distribution of the ions when generated by using pulses of 200−500 fs.

This is due to laser–induced alignment before the actual dissociation occurs.

However, when shorter pulse durations are used, there is no time for align-

ment. We are interested in processes that lead to dissociation of the molecules.

The parent ion will generally be the easiest ion to produce, while higher in-

tensities are needed for dissociation. Circular polarization can influence the

ionization process of the molecule, like it has been recently done by Wu et al.
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for methanol [51] or by Müller et al. for toluene [54]. Another interesting

experiment has observed the differences of left and right circularly polarized

light on chiral molecules [55]. There have been little studies on the influence

of circularly polarized light on the dissociation process of molecules. It might

be possible that dissociation and ionization are influenced in different ways, so

that e. g. the parent ion signal can be reduced while dissociation channels are

less affected. Therefore, circular polarization studies are of special interest for

our experiments that concentrate on dissociation, because it may be a useful

tool in keeping ionization from the pump pulse to a minimum.

The ionization of molecules with near–infrared light pulses is a multipho-

ton process (e. g. seven photons from a wavelength of 800 nm are necessary

to ionize acetone). The ionization signal is greatly enhanced by intermediate

resonances, where an intermediate state is reached by one or more photons

and the ionization is completed from this state.

In an example where there is a three photon process with a two photon

resonance, there are two ways to ionize the molecule. If we write the initial

state as |1〉, the two photon intermediate resonant state as |2〉, and the con-

tinuum state as |k〉, then if three photons are absorbed nonresonantly, the

coupling between |1〉 and |k〉 can be described by a third order matrix element

V
(3)
1k =

∑
j1

∑
j2

〈1|ED
2
|j1〉〈j1|ED

2
|j2〉〈j2|ED

2
|k〉

(ω1 + ω − ωj1)(ω1 + 2ω − ωj2)
(5.1)

|j1〉, |j2〉 6= |1〉, |2〉, |k〉
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while the coupling via the resonance can be described by a second–order and

a first–order element [59]:

V1k = V
(2)
12 · V

(1)
2k =

∑
j

〈1|ED
2
|j〉〈j|ED

2
|2〉

ω1 + ω − ωj

 · 〈2|ED

2
|k〉 (5.2)

|j〉 6= |1〉, |2〉, |k〉

where E is the field strength and D the dipole operator. Non–diagonal elements

of order 2 or higher are neglected. One can see that the matrix element

describing the three photon process is much smaller. Thus, the contribution

from the resonance dominates the process.

Any intermediate resonance en route to the continuum will greatly en-

hance the ionization signal. While in the weak field limit there is little chance

of an intermediate resonance, in the strong field of a femtosecond laser pulse,

intermediate states can Stark shift into resonance. Thus, the strong field ion-

ization signal from atoms in femtosecond laser fields is largely due to paths to

the continuum which involve intermediate resonances.

In atomic ionization, if the atom is in the ground state (l = 0), and e. g.

can be excited to an intermediate state with l = 1 using three photons, the

ionization signal is increased due to resonance–enhanced multiphoton ioniza-

tion. On the contrary, if the light comes in circularly polarized, the l = 1 state

cannot be reached by a three photon process because the angular momenta

of the photons have to add up to 3. Therefore, with circular polarization,

resonant ionization enhancement can be turned off, like is has been observed

by Hertlein [56].
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While molecular states are clearly different from their atomic counter-

parts, we expect some discrimination in the ionization signal for circular versus

linear polarization as a result of intermediate resonances becoming inaccessi-

ble. The intramolecular processes that lead to dissociation instead of ioniza-

tion of the parent ion might have a different dependence on the polarization

of the light. Ideally, it would be nice to be able to switch off ionization while

maintaining fragmentation for the pump. In a pump probe experiment, the

circularly polarized pump could dissociate the molecule neutrally, followed by

a probe that performs the ionization necessary for the detection of fragments

in a TOF spectrometer.

We measured the dependence of the ionization signal on ellipticity by

measuring the ion signal versus angle for a quarter waveplate inserted into

the pump beam. The probe was not used in this experiment. The scale on

the waveplate was turned from 0◦ to 45◦ in steps of 5◦ and 100 traces were

averaged for each waveplate position. The energy per pulse was 84 µJ . A box

car was put around the parent ion and the background–substracted integrated

ion signal is plotted in figure 5.5. Müller et al. [54] observe a dependence on

the ellipticity of the form

I(θ) = Icirc + (Ilin − Icirc) · cos2(2[θ − θ0]) (5.3)

This formula assumes that there is a linear dependence between the fraction

of linearly polarized light and ion signal, which Müller et al. actually observed

for toluene. Fitting our data to this model one can see that we observe more

systematic deviations from the formula than Müller. These deviations seem
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Figure 5.5: Total parent ion signal of acetone as a function of the ellipticity of
the laser beam

to be systematic at lowest signal rates. Also, the fit gives a value for Icirc of

(−35 ± 23) · 10−3) (Ilin normalized to one), indicating that our data set does

not behave according to formula (5.3). This might give us information about

the location of an intermediate resonance in acetone. Also, the fact that the

parent ion signal actually can be reduced to almost zero intensity by turning

the waveplate is useful for pump probe experiments.

The fit of the data to formula (5.3) results in an angular offset of θ0 =

16.6◦±0.7◦. Assuming the labels on the waveplate are correct, this means our
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polarization is turned by 16.6◦ from the initial polarization, probably by the

pulse shaper, or the polarization was not purely linear to begin with.

Figure 5.6: TOF spectra for acetone at different ellipticities of the laser
beam

This experiment should be repeated soon to record more data points for

different angles and to see whether the deviation from (5.3) is reproducible. In

figure 5.6 the traces for different ellipticities of the light are plotted. From right

to left the peaks are the parent ion CH3COCH+
3 , the acetyl ion CH3CO+ and

CH2CO+, residual water H2O
+ and CH+

3 . The ellipticity might have differ-
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ent impacts on the two channels leading to parent ionization and dissociative

ionization, although our resolution has not been good enough to observe this

yet. This would be another example of how circular polarization can help to

separate dissociation from ionization.

Getting one step closer to the final goal of pump probe learning control,

we made a pump probe experiment with a circularly polarized pump beam.

We used a 40 fs probe pulse and a pump pulse that was stretched by the

deformable mirror setup to 120 fs and then circularly polarized by the quarter

waveplate. The contour graphs in figure 5.7 show ion signal versus arrival time

and probe scanning time. The pulses temporally overlap at a scanning time

of ≈ 605 fs. For scanning times larger than 605 fs the pump pulse is ahead of

the probe pulse.

The top picture in figure 5.7 shows the scan with the quarter waveplate

at 45◦ in the pump beam. As long as the pump is ahead and the beams do

not temporally overlap, the signal of the parent ion stays most intense and

relatively constant within the noise level. When approaching time zero, the

intensity of the parent ion is dropping, like has already been observed in figure

5.3 for the case of both pump and probe polarization being linear. When the

pump beam is ahead of the probe, the signal intensity of the parent ion does

not reach the same level that it had before. First considerations that the laser

intensity has dropped by chance can be abandoned because the CH+
3 signal is

not dropping but on the contrary, rising slightly.

In the lower plot of figure 5.7 we see the same experiment with the wave-

plate at 0◦. It is obvious that the intensity on both sides of time zero is mainly
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Figure 5.7: Waveplate pump probe experiment: with quarter–waveplate at
45◦ (top) and at 0◦ (bottom)
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the same. An interesting point is the drop of intensity if the probe is too far

ahead. Again, the idea that this is a drop in the laser intensity is refuted by an

increase in the CH+
3 signal by almost a factor of two, and also a slight increase

in H2O
+. It is not clear to us where that comes from. Another feature of the

plot is an increase of H2O
+ at around time zero, as one would expect because

the intensity at the focus is larger and therefore ionization of water is easier

to achieve.

For the experiments that we intend to pursue, the asymmetry of the parent

ion peak about time–zero is of most interest. It shows that the pump pulse

can dissociate the molecule while the probe performs the ionization afterwards.

This general scheme is related to the internal structure of the molecule. We are

trying to understand these observations in terms of specific molecular states

for acetone. The first absorption band in acetone is the π∗ ← n (S1 ← S0)

transition [57]. The n is representing a non–bonding electronic orbital of the

oxygen atom and π∗ the excited state. The other notation stands for singlet

states, with the ground state S0 and the first excited state S1. The second

absorption band is the 3s ← n (S2 ← S0) transition. Both can couple to

an anti–bonding triplet state, which leads to spontaneous dissociation. There

are also other resonances that can act as intermediate states for a following

ionization of the parent molecule [57, 58].

The presence of circularly polarized light will change the selection rules

for electronic transitions. It is possible that one or more resonances cannot

be accessed by circularly polarized light. If the probe is first, this resonance

can be excited and then further ionization can be done by the probe itself
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or the pump that comes later. In the case where the pump comes first, the

intermediate state might not be accessed, so the signal for the parent ion is

lower. It might also be possible that an anti–bonding state is populated more

numerous instead, what would lead to neutral dissociation. The fragments

can be ionized by the probe pulse. This assumption would be backed by an

increase in CH+
3 ions.

What can be seen in all of the plots is a drift of the peaks at time zero

towards earlier arrival times, but not all of the peaks shift! The CH3CO+

signal splits into two parts, one of them is moving like the others, the other

one is not affected. This drift could be due to charge effects, as the laser

intensity and with this also the overall ionization rate is largest. The peak

that is not moving apparently does not see this charge effect, so the ion is

presumably created after the others have left the capacitor. This could mean

that there exists an excited CH3COCH+
3 state that decays into a CH3CO+

ion after a certain time, like Owrutsky et al. suggest in their work [58].

While in the experiment with the waveplate at 45◦ the shift of the ions is

symmetric around time zero, it is not for 0◦, where the slope of the shift looks

steeper when the pump is right after the pulse than vice versa. This was also

observed in the chirp experiment discussed in the previous section.

All the data discussed above gives rise to new ideas about undertaking

acetone experiments.
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5.4 Correlation Coefficient

Another very helpful tool to understand our three–dimensional data is a

correlation map. It includes information about which peaks are correlated.

Furthermore, it helps to clarify whether there really is signal in regions where

signal to noise is very small, and it shows internal structure of the signal that

is not seen from the pure data. We made a correlation for the ion signal as a

function of arrival time. To do so, we summed up the signal I(p, z) for a certain

oscilloscope pixel p over all stepper motor positions z for the delay between

the two pulses. The correlation coefficient ρ is described by the formula:

ρpp′ =

[
1
N

∑N
z=1 I(p, z) · I(p′, z)

]
−
[

1
N

∑N
z=1 I(p, z)

]
·
[

1
N

∑N
z=1 I(p′, z)

]
σp · σp′

(5.4)

where the standard deviation σp is given by

σp =

√√√√√[ 1

N

N∑
z=1

I(p, z)2

]
−
[

1

N

N∑
z=1

I(p, z)

]2

(5.5)

Two signals are perfectly correlated when the correlation coefficient is equal to

1, and perfectly anticorrelated if it is equal to −1. The correlation coefficient

for the ion signal at different arrival times of the lower plot in figure 5.3 is

shown in figure 5.8. Of course, the picture has to be symmetric around the

diagonal, on which the correlation coefficient is equal to 1.

It is not clear where the regular stripes come from that only appear where

there is zero signal. It might be an artifact of the oscilloscope (the frequency

of that disturbance is 1 MHz) or the Mathematica software I used.

Several interesting things can be seen. The Pockels cell ringing when

our light pulse enters the chamber (at arrival time 0 µs) is not correlated
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Figure 5.8: Top: Integrated ion signal for different arrival times (oscilloscope
pixels); Bottom: Correlation coefficients for different arrival times (oscilloscope
pixels)
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to any other peak. The first deviation from zero can be seen at an arrival

time of≈ 5µs, where there is a signal that is anticorrelated to the parent ion

signal, but correlated to the region where CH3COCH+
n (n < 3) is found. This

deviation corresponds to H+ ions that appear more numerous where the parent

ion signal is decreased. The same behavior can be seen for the following CH+
3

and H2O
+ peaks. Looking at an arrival time of 28 µs, one can see that there is

another signal that was hard to see in the pure data. From a calculation back

to the mass that corresponds to this arrival time and observations by Tang

et al. [52] we conclude that it is CH3C
+.

As mentioned in section 5.3 the CH3CO+ peak is split into two peaks at

high intensities, one that is shifting at time–zero like the CH+
3 and water peaks

and one that behaves like the parent ion peak. The correlation coefficient in

figure 5.8 confirms this for the most part. The shifting peak centered around

28 µs is anticorrelated to the parent ion, but correlated to the CH3COCH+
n as

well as the CH+
3 and the water. The non–shifting peak behaves the opposite

way. This agrees with the interpretation given in the previous section.

The parent ion peak is almost perfectly anticorrelated to the CH3COCH+
n

(n < 3) region at around 44 µs, where the correlation coefficient reaches its

minimum of −0.83. Around the diagonal at the parent ion signal, we have

values of close to 1. Right before this region, the small area of anticorrelation

is due to the fact that the parent ion is drifting slightly towards earlier arrival

times when the two laser pulses overlap temporally. The intensity for these

earlier times increases at the expense of later times, thus this anticorrelation.

In addition to the correlation of different peaks figure 5.8 includes much
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more structure, especially in the region of the parent ion. It will be interesting

to verify these dependencies in future experiments.

Another data analysis tool is the calculation of the center–of–gravity for

the peaks. The center–of–gravity for each stepper motor position was calcu-

lated in a window pmin to pmax:

I(z) =

[pmax∑
pmin

I(p, z) · p
]
/

[pmax∑
pmin

I(p, z)

]
(5.6)

The result is the mean arrival time of the pulse as a function of time

delay, as can be seen in figure 5.9. The center–of–gravity calculations are

shown for the parent ion signal, and the CH3CO+ signal that splits into a

slightly–moving and a strongly–moving peak. Several features in figure 5.9

are noteworthy. First, the fact that the peaks do not all move by the same

amount indicates that not only charge effects are responsible for the shift.

Second, the parent ion signal after passing time–zero is not going back to its

initial arrival time, while it mostly does for the other two peaks. Thus, we

conclude that this is another indication for increased dissociation if the pump

pulse is ahead of the probe pulse. The remaining shift in arrival time is due

to more signal from deprotonated parent ions that are taken into account in

the center–of–gravity calculation. Third, the double peak structure in figure

5.9c is remarkable.

Considering that all three data sets have been taken in one measurement,

this cannot be caused by an instability of the system or a miscalibration of the

stepper motor. The reason for this double peak might again be an intramolec-

ular effect. Thus, one could use the pulse shaper and the genetic algorithm
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Figure 5.9: Center–of–gravity calculations for a) the parent ion signal;
the CH3CO+ signal that b) only moves slightly, and c)moves stronger

to enhance one of the observed features. This could give rise to promising

learning control experiments.
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Chapter 6

Conclusions

In this thesis I have described the design and construction of an apparatus

that can be used to ionize and dissociate molecules with ultrafast lasers. It

is suitable for ionization, dissociative ionization and neutral dissociation ex-

periments as well as for learning control in combination with the deformable

mirror setup. Although several optimizations will be required constantly, it

can be used right away for these purposes. The thesis can serve as an aid and

overview of the setup for future students.

Some of the results acquired in testing the apparatus showed features in

the dissociation of molecules that could be prosperous for prospective exper-

iments, especially with the pulse shaper. I hope that I will be able to record

more data with the group during my last month at Stony Brook.
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