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1 Introduction

Physics is like sex.

Sure, it may give some practical results, but that’s not why we do it.

R. Feynman

In fundamental research, particle accelerators are widely used to generate particle as well

as electromagnetic radiation. For conventional accelerators, the electrical field strengths are

limited to1 10-50 MeV/m due to their damage threshold. Thus, distances of at least 20 m are

necessary to accelerate particles to energies in the GeV-range.

In 1979, Tajima and Dawson proposed an acceleration mechanism based on laser plasma

interaction2. A plasma wave is excited by a laser pulse with an enormous intensity. Immense

longitudinal electric fields1 of 10-100 GV/m originate from the associated charge separation.

In subsequent years, the acceleration process has been investigated via simulations. Pukhov

and Meyer-ter-Vehn3 predicted quasi monoenergetic electron bunches in a highly non-linear

broken-wave regime in 2002. Two years later, these electron bunches have been generated

experimentally4–6. Guiding a laser pulse in a capillary extends the dimension of the plasma in

laser direction and thus, the interaction length, so that electron energies in the GeV-range can

be reached within few centimeters1.

A thorough observation of the processes occurring during the acceleration is required in

order to control the parameters of the generated particle radiation as accurately as possible.

Interferometry and shadowgraphy using a short, synchronized optical probe pulse are expedi-

ent possibilities7. Thus, the temporal evolution of the acceleration process can be quantified.

In 2002, such a probe beam was built for the JETI-laser system of the Institute of Optics and

Quantumelectronics in Jena8. However, due to the upgrade of the JETI-laser system in autumn

2009, the probe pulse had to meet new requirements. One of the motivations modifying the

laser system was to shorten the pulses from 80 to sub-30 fs. With shorter laser pulses higher
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CHAPTER 1. INTRODUCTION

intensities are feasible. Moreover, laser pulses with a duration of 30 fs are well-suited for

electron acceleration in the wakefield of these pulses.

Decreasing the pulse duration requires a broader spectrum which is more susceptible to

dispersion than a narrow one. For this reason, dispersive effects occurring within the setup of

the probe beam have to be minimized. Furthermore, an option to measure the pulse duration

should be available. In this case, the pulse can be compressed to its minimal pulse duration

limited by higher order dispersion using dispersive mirrors.

In an experiment at the JETI-laser system, the electron density in the plasma has been probed

and simultaneously, the electron energy has been measured. On this basis, the ideal parameters

for laser wakefield acceleration could be determined. The present thesis is focused on setup,

characterization and application of the new JETI-probe beam. In the second chapter important

fundamentals concerning short laser pulses and laser-plasma interaction are discussed. Con-

secutively, the setup of an experiment employing the probe beam in the field of laser wakefield

acceleration is introduced. Chapter four contains the analysis method used to evaluate the data

obtained by means of the probe beam. Results and conclusions are presented in chapter five.
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2 Fundamentals

Relativistic laser plasma interaction is feasible as soon as the laser intensity is sufficient to

enhance a particles energy about its rest energy9. At a wavelength of 800 nm, the minimum

required pulse intensity for electrons10 amounts to 2.14×1018 W/cm2.

2.1 Ultra Short Pulses

In this section ultra short laser pulses are discussed. At the beginning, the mathematical de-

scription is given. After that, the propagation in dispersive media is explained. Finally, meth-

ods to amplify and measure the duration of ultra short laser pulses are introduced.

2.1.1 Mathematical Description

Laser pulses propagating in z-direction can be described enclosing the fast oscillation of an

electromagnetic field defined by its wave vector k and carrier angular frequency ω with an

envelope function E0(z, t) determining the pulse shape and duration (Figure 2.1).

(a) (b) (c)

Figure 2.1: Multiplying a fast oscillation (a) with an envelope function (b) a short laser pulse (c) can
be described. Pulse shape and duration depend on the spectral distribution and the phase of
the single frequency components relative to each other.

3



CHAPTER 2. FUNDAMENTALS

Figure 2.1(c) is represented by11

E(z, t) = E0(z, t)cos(kz−ωt). (2.1)

Expressed as a complex function

Ẽ(z, t) = Ẽ0(z, t)exp{i(kz−ωt)}+ c.c. (2.2)

it is related to the spectral distribution of the laser pulse via Fourier transformation

Ẽ(z, t) =
1

2π

∫
∞

−∞

Ẽ(z,ω)exp{i(kz−ωt)}dω (2.3)

= Ẽ0(z, t)exp{i(kz−ωt)} (2.4)

with a tilde attached to the symbols labeling complex functions and variables and c.c. denoting

the complex conjugate.

Gaussian Pulses

w0

2zR

wave fronts

qd z

r

Figure 2.2: Gaussian beam with the Rayleigh
length zR, beam waist w0 and angle of
divergence θd.

In the special case of a pulse with a trans-

verse Gaussian intensity profile

I ∝ exp

{
−4ln2

(
r

w(z)

)2
}
, (2.5)

the beam diameter is determined by twice its

beam radius w. For a Gaussian beam prop-

agating in z-direction (Figure 2.2) the beam

radius12 is given by

w(z) = w0

[
1+
(

z
zR

)2
] 1

2

(2.6)

where w0 is the radius of the focus at the beam waist and zR, its Rayleigh length given by

4



CHAPTER 2. FUNDAMENTALS

zR =
πw2

0
λL

. (2.7)

Twice the Rayleigh length indicates the FWHM of the peak intensity in forward direction

and therefore, defines the distance along which the pulse is considered to be focused. For z

tending to infinity the ratio of w(z) and z is

lim
z→∞

w(z)
z

= lim
z→∞

w0

√
1
z2 +

1
z2

R
=

w0

zR
. (2.8)

Calculating the inverse tangent of this ratio yields the natural diffraction

θd = arctan
w0

zR
(2.9)

of the beam leading to defocusing.

To define a pulse duration τ, the full width at half maximum (FWHM) of the pulse intensity is

an adequate and easily accessible quantity. For a pulse with a longitudinal Gaussian intensity

profile

I(t) ∝ exp

{
−4ln2

(
t

τFWHM

)2
}
, (2.10)

the transform limited pulse duration, i.e., the shortest possible pulse duration for a given spec-

trum, can be stated as12

τFWHM =
0.44

∆ωFWHM
. (2.11)

However, for a pulse affected by dispersion this equation does not hold. The more dispersion

a pulse experiences the longer the pulse.

5



CHAPTER 2. FUNDAMENTALS

2.1.2 Propagation in Dispersive Media

A pulse is transform limited, if its spectral components are in the same phase. However, in

a medium exhibiting a frequency dependent refractive index η(ω), single frequency compo-

nents propagate at different velocities. In normal dispersive media, the shorter wavelength

components are delayed with respect to the higher ones. Vice versa, the medium is called

anomalous dispersive. Hence, the broader the spectrum of a pulse and therefore, the shorter

the transform limited pulse duration, the more strongly the pulse shape and, as a consequence,

duration is affected by dispersion.

The dispersion relation13

k(ω) =
ω

c
η(ω) (2.12)

can be derived from the wave equation applying Fourier transformation. Inserting this into the

phase of an electromagnetic wave

φ(ω) = kz−ωt (2.13)

gives

φ(ω) =
ω

c
η(ω)z−ωt. (2.14)

Expressing the electric field in terms of the phase11

Ẽ(z,ω) = Ẽ(0,ω)exp[−iφ(ω)], (2.15)

and Tailor expanding the phase with respect to the central angular frequency ω0

φ(ω) = φ(ω0)+
∞

∑
n=1

1
n!

φ
(n)(ω0)(ω−ω0)

n (2.16)

the influence of the single terms on the temporal behavior of a pulse can be investigated.

• φ0 = φ(ω0) = k(ω0)z is the time independent absolute phase of an electromagnetic wave

in vacuum as well as in dispersive media. Higher orders of the angular frequency are

only affected by dispersive media.

6



CHAPTER 2. FUNDAMENTALS

• φ(1)(ω0) = ∂φ0/∂ω causes a temporal shift of the pulse as an entity.

• φ(2)(ω0) = ∂2 φ0/∂ω2 represents the group delay dispersion (GDD). The duration of a

pulse experiencing GDD is linearly increased by a factor GDD×∆L with ∆L represent-

ing the length of the dispersive medium.

• φ(3)(ω0) = ∂3 φ0/∂ω3 is called third order dispersion (TOD) and leads to asymmetrical

pulse shapes or even pre and post pulses.

2.1.3 Chirped Pulse Amplification (CPA)

Relativistic laser plasma interaction requires the pulse energy to be amplified. The pulse

intensity

I =
E

τA
(2.17)

is dependent on the pulse energy E, the pulse duration τ and the beam area A, i.e, the in-

tensity increases due to amplification if τ and A are kept constant. Nevertheless, the intensity

must not exceed the damage threshold of the optical components. The active medium used in

the JETI-laser system (section 3.1), titanium doped sapphire (Ti : Sa), is damaged when it is

exposed to intensities & 1010 W/cm2. To keep the peak intensity underneath this value, the

pulse duration and the area can be adjusted to an appropriate value before the pulse energy is

increased. With an expansion telescope, the area can be increased easily. In spite of that, the

spot size is limited by the apertures of the components available and the focal length of the

final focusing optic. Furthermore, large optical components are expensive, difficult to handle

and require a lot of space.

For this reason, one takes advantage of pulse stretching via linear dispersion14. The short

pulse propagates through a stretcher which imprints a reversible group velocity dispersion on

the pulse. The laser pulse exiting the stretcher has a varying instantaneous frequency and is

called a chirped pulse. Owing to its longer duration a chirped pulse has a lower peak intensity.

Unchirping the pulse in a compressor, high peak powers can be reached. A possible setup

for a stretcher and a compressor, respectively, is introduced in section 3.1. The principle of

chirped pulse amplification is visualized in Figure 2.3.

7



CHAPTER 2. FUNDAMENTALS

stretcheroscillator

stretcher

oscillator

oscillator 

3 pass amplifier3 pass amplifier

compressoramplifier

Figure 2.3: A short pulse is stretched delaying its spectral components with respect to each other, i.e.,
the instantaneous frequency changes within the pulse. After amplification, the duration of
the long high-energy pulse is reduced almost to its initial value in the compressor. This
scheme is adapted from reference15.

2.1.4 Single Shot Autocorrelation

“In order to measure an event in time, you must use a shorter one. But then, to measure the

shorter event, you must use an even shorter one. And so on. So, now, how do you measure the

shortest event ever created?”16.

With the technique of intensity autocorrelation it is possible to avoid this dilemma. Splitting a

pulse into two replica and delaying them relative to each other creates a gate which is shorter

than the pulse. The width of the gate function depends on the temporal delay between the two

pulses11.

Nonlinear Optics

For laser pulses with an intensity exceeding 109 W/cm2, the relation between electric field
~E(~r,ω) and the polarization ~P (~r,ω) cannot be approximated by its linear term ~P = ε0χ(1)~E
anymore. Instead, the polarization has to be developed in a power series with respect to the

electric field17

~P = ε0[χ
(1)~E +χ

(2)~E~E +χ
(3)~E~E~E + ...] (2.18)

= ε0χ~E (2.19)

where ε0 denotes the vacuum permittivity and χ the effective nonlinear susceptibility. In a

crystal exhibiting a second order susceptibility χ(2), the frequency of an incident signal can be

8



CHAPTER 2. FUNDAMENTALS

doubled. This process is called second harmonic generation (SHG).

Principle of Single Shot Autocorrelation

Two replica of one pulse are superimposed inside a nonlinear crystal at an angle18;19 (section

3.2.1). Inside this nonlinear crystal the second harmonic of the incident signal is generated.

As the spatial width of the second harmonic depends on the angle between the two pulses and

their duration20, the spatial information can be transformed into a temporal one.

A calibration factor fc translating a number of pixels of a CCD chip into a value of time is

needed to retrieve the pulse duration from the image of the second harmonic. The width of the

second harmonic wSHG and therefore, the calibration factor, depends on the angle at which the

two pulses are superimposed inside the crystal (Figure 2.4), i.e., as long as the angle between

the pulses is kept constant, the calibration factor does not change.

P1

P2

qq1
2

Dx1 Dx2

pulse fronts

P1

P2

CCD CCD

Figure 2.4: The angle between the pulses determines the calibration factor: the larger the angle between
the pulses the smaller the width of the signal and thus, the smaller the calibration factor.

When the two pulses are delayed with respect to each other, the x-position at which the

two pulses are superimposed inside the crystal changes (Figure 2.5), i.e., the second harmonic

moves across the crystal and can then be imaged onto a CCD chip.

9
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t

0
-D

t
D

t

pulse fronts

x
CCD

Figure 2.5: Changing the delay between the two pulses causes a shift of the signal at the CCD camera.
Relating this shift to the corresponding displacement of the translation stage and therefore,
to the temporal shift of the pulses, yields the calibration factor.

The x-position of the maximal intensity of the signal is linearly related to the relative delay

between the two pulses. The slope of this line is the calibration factor in units of time per

pixel. Additionally, a scaling factor fs is needed to account for the pulse shape. It is 1/
√

2 for

Gaussian pulses11. The pulse duration τ can be calculated with

τ = fcfswSHG. (2.20)

2.2 Laser-Plasma Interaction

In this section, the application of highly intense laser pulses in the field of plasma physics is

explained. Consecutively, plasma generation, mutual influence of laser pulse and plasma as

well as electron motion in a laser field and their acceleration in the wakefield of the laser pulse

are elucidated.

10
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2.2.1 Plasma Generation

To ionize a substance, its ionization energy Eion has to be applied. Via the photoelectric effect,

free electrons are generated if the angular frequency ω of the incident radiation is sufficient so

that Eph = ~ω≥ Eion holds. The energy to singly ionize helium21 amounts to 24.6eV. There-

fore, a titanium sapphire laser with a photon energy of about 1.55eV cannot ionize helium by

means of the photoelectric effect.

Nevertheless, it is possible to ionize a medium although the photon energy Eph is smaller than

Eion. When the light intensity I and therefore, the photon flux, is sufficient, more than one

photon can be absorbed contemporaneously. Ionization takes place if nEph ≥ Eion, where n is

the number of photons absorbed simultaneously. This process is referred to as multi photon

ionization (MPI).

Further increasing the intensity, the Coulomb potential of the atoms or molecules is trans-

formed into a potential barrier. With a certain probability, the electrons then can tunnel through

this barrier. In dependence on the ionization potential of the substance and the intensity of the

radiation it can be estimated which ionization mechanism takes place with the Keldysh pa-

rameter22

Γ =

√
Eion

2φpond
. (2.21)

The ponderomotive potential φpond depends on the ponderomotive force which is introduced

in section 2.2.2. A Keldysh parameter smaller than one indicates tunnel ionization and vice

versa if Γ & 1, multi photon ionization takes place.

For light intensities exceeding23 4× 109(Eion/eV)4Z−2 W/cm2, over the barrier ionization

(OBI) is the dominating ionization mechanism: the Coulomb potential is modified by the

electric field of the laser pulse to such an extent that electrons can leave the atom at two in-

stances during one laser period (Figure 2.6) and a plasma with an initial electron density ne0

is generated. The electron density depends on the gas density and on the laser intensity. The

higher the gas density and the laser intensity the higher the electron density. For MPI and tun-

nel ionization the electron density is lower than for OBI as the atoms or molecules are ionized

with a probability smaller than one.

11
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Figure 2.6: In dependence on the electric field of the laser pulse, the Coulomb potential of the atom (b)
can be disturbed. If the laser field is sufficient, the Coulomb barrier is suppressed (a), (c).

Helium has ionization energies21 of 24.6eV and 54.4eV for single or double ionization,

respectively. With an atomic number of Z=2, the intensity threshold to singly ionize it is

1.4×1015 while 8.8× 1015 W/cm2 is sufficient for full ionization23. As relativistic laser

plasma interaction at least requires intensities in the range of 1018 W/cm2, a fully ionized

gas can be assumed.

2.2.2 Electron Motion in Strong Electromagnetic Fields (2D)

A plane wave propagating in z-direction can be described by its electric field

~̃E(z, t) = Ẽ0(z, t)ei(kz−ωt)~ex. (2.22)

Calculating the magnetic field ~̃B by means of ∇×~E =−∂~B/∂t the it is given by

~̃B(z, t) = B̃0(z, t)ei(kz−ωt)~ey. (2.23)

with B̃0 = Ẽ0/c in vacuum.

For an electron with the elementary charge −e the total temporal derivative of the electrons

momentum pe

d~pe

dt
=−e(~E(z, t)+~ve×~B(z, t)) (2.24)

is dependent on the electron velocity ve. Nevertheless, in the classical case, i.e., the elec-

tron has a velocity much smaller than the speed of light c, the fraction of force exerted to

the electron by the ~B-field can be neglected. Thus, the solution of the equation of motion

12



CHAPTER 2. FUNDAMENTALS

is an oscillation induced by the alternating ~E-field. An electron oscillates transverse to the

propagation direction of the electromagnetic wave with a maximum velocity

vmax =
eE0

ωLme
. (2.25)

When the maximum velocity of the electron is close to the speed of light, the classical de-

scription is no longer valid. Dividing equation 2.25 by c leads to a new quantity24

vmax

c
=

eE0

ωLmec
= a0 (2.26)

where a0 is the normalized amplitude of the vector potential of the electromagnetic wave

which is connected to the laser intensity by

a0 =

√
IL

1.37×1018 W/cm2
λ2

L
µm2 . (2.27)

To reach a0 ≥ 1 indicating the relativistic regime of electron motion and assuming a laser

wavelength of λL = 0.8 µm, the laser intensity has to exceed IL = 2×1018 W/cm2.

In the relativistic case, the force originating from the B-field cannot be omitted anymore and

the electron experiences not only a transverse but also a longitudinal momentum. This longi-

tudinal momentum causes a drift in laser direction superimposed with a oscillation with twice

the frequency of the laser pulse. The drift velocity25 can be stated as

vdrift = c
a2

0

a2
0 +4

. (2.28)

Perpendicular to the laser direction, the electron oscillates with the laser frequency. In a frame

of reference moving with vdrift the electron carries out a figure-eight motion (Figure 2.7).

13
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y

z

y

z

y

z-hct

Figure 2.7: In the co-moving frame of reference the electron carries out a figure-eight motion.

The trajectory of an electron in the laboratory frame in a plane electromagnetic wave and

a laser pulse, respectively, is illustrated in Figure 2.8. A plane electromagnetic wave drives

an oscillation with equal expelling and restoring forces. Thus, the electron moves around its

position of rest drifting with the velocity vdrift. For an electromagnetic wave with transverse

and longitudinal intensity gradients, e.g., a focused laser pulse with a Gaussian intensity dis-

tribution, the alternating fields are not uniform anymore and the expelling forces exceed the

restoring forces when the electron initially starts on axis.

y

z

y

z

y

z-hct

y

z

y

z

(a)

y

z

y

z

y

z-hct

y

z

y

z

(b)

Figure 2.8: The trajectory of an electron in the laboratory frame in relativistic electromagnetic waves
is depicted for (a) a plane wave and (b) a pulse with longitudinal and transverse intensity
gradients. The black dashed line represents the transverse intensity profile of the laser pulse.

The resulting force averaged over one laser period is called ponderomotive force24 which is

14
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dependent on the gradient of the laser intensity

~Fpond =−
e2

4 < γ > meω2
L

~∇IL (2.29)

In this equation the relativistic mass increase is accounted for by the averaged relativistic

γ-factor

< γ >= 1+
a2

0
4

(2.30)

which increases with increasing normalized vector potential and thus, with increasing inten-

sity.

2.2.3 Plasma Parameters

The ponderomotive force pushes electrons into regions of lower laser intensities. At intensi-

ties lower than 1024 W/cm2 the electron motion is affected by the laser field, while usually,

the ions can be treated as a positively charged immobile background owing to their inertia.

Expelling electrons from regions of high intensity leads to an electron density modulation

causing longitudinal electric fields and electron density oscillations due to the quasi-static ion

background. The oscillation frequency, referred to as plasma frequency, can be calculated by

means of26;27

ωp =

√
ne0e2

ε0me
. (2.31)

As the plasma wave is driven by the laser, the phase velocity of the plasma wave vphp is

equal to the group velocity of the laser vgrL .

If the plasma frequency is higher than the laser frequency ωL, the refractive index of the

plasma26;27 η =
√

1−ne/(< γ > ncr) =
√

1−ω2
p/(< γ > ω2

L) becomes imaginary and the

laser pulse cannot propagate inside the plasma. Thus, above a critical electron density26;27,

where the plasma frequency equals the laser frequency,

ncr =
ω2

Lε0me

e2 (2.32)

15
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the laser pulse is reflected by the plasma.

2.2.4 Nonlinear Relativistic Effects

While laser pulse and plasma are interacting, laser and plasma parameters influence each other

mutually which considerably affects the acceleration process. Nonlinear effects and therefore,

the laser intensity, influence the refractive index η which can be described for a plasma as25

η =

√
1−

ω2
p

< γ > ω2
L
=

√
1− ne

< γ > ncr
. (2.33)

The transverse intensity distribution of the laser pulse affects the ponderomotive force and the

averaged relativistic γ-factor. Electrons are expelled from the laser axis and simultaneously,

the radially decreasing averaged relativistic γ-factor causes a higher relativistic mass increase

on laser axis. The interplay of electron number and mass results in a radially decreasing index

of refraction. In consequence, the further the pulse propagates through the plasma the more

its phase front is bent (Figure 2.9).

Figure 2.9: The transverse intensity distribution of the laser pulse (blue) causes ponderomotive forces as
well as a radially decreasing averaged relativistic γ-factor. From that, a radially decreasing
index of refraction (red) originates. Therefore, the phase velocity of the laser pulse increases
radially so that the phase front of the laser pulse is bent. If the bending angle θsf is sufficient
to compensate the natural diffraction of the pulse, it is self focused. (Image courtesy of C.
Widmann28)

16
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The angle of self focusing θsf can be calculated with25

θsf =−
c

η2
∂η

∂r
∆t (2.34)

If the bending angle θsf is sufficient to compensate the angle of divergence θd, a laser pulse is

self focused, i.e. it is guided inside the plasma over a longer distance than the Rayleigh length

zR (see also section 2.1).

Longitudinally, the electron density of the plasma wave modulates the refractive index

which influences the laser frequency and hence, the pulse duration. Depending on the elec-

tron density inside a medium and thus, on its refractive index, different parts of the pulse can

experience frequency up or down shifts.

In a plasma wave, the front of a short pulse obeying cτL≈ λp (Figure 2.11(a)) is exposed to a

decreasing index of refraction and thus, is redshifted and steepens. In contrast, the back of the

pulse experiences an increasing electron density, is therefore blueshifted and catches up with

the lower frequencies. For this reason this process is referred to as photon acceleration29.

In the co-propagating frame of reference expressed by ξ = z− ct the shift of the spectral

components is given by24

1
ωL

∂ωL

∂t
=

c
η2

∂η

∂ξ
. (2.35)

In the spatial domain, the spectral components approach each other spatially resulting in pulse
compression (Figure 2.11(c)), i.e. the pulse duration is shortened. The influence of the re-

fractive index on phase and group velocity of the laser, causing photon acceleration and pulse

compression, respectively, is illustrated in Figure 2.10.
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Figure 2.10: The red line represents the refractive index corresponding to the normalized electron den-
sity within one period of the plasma wave (black line). If the laser pulse (blue) obeys
cτL ≈ λp, its front experiences a decreasing refractive index while its back is exposed to
an increasing one. Phase (orange) and group velocity (green) are affected by the gradient
of the refractive index. In the Fourier domain one speaks of photon acceleration and in the
spatial domain of pulse compression. (Image courtesy of C. Widmann28)

In the case of a long pulse (Figure 2.11(b)) with cτL � λp, the pulse is split in several

pulseletts (Figure 2.11(d)) as each part of a pulse situated in a distinct period of the plasma

wave is compressed separately.
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(a) (b)

(c) (d)

Figure 2.11: Four pulses propagating in z-direction are illustrated. (a) and (b) propagate in vacuum,
(c) and (d) are modulated in a plasma wave with a wavelength of 6 µm. A short pulse (a)
with a duration in the range of the plasma wavelength is compressed within one period
of the plasma wave (c) while a long pulse whose duration strongly exceeds one period of
the wave (b) is split (d) as each pulselett is compressed in a separate period of the plasma
wave.

2.2.5 Laser Wakefield Acceleration

Acceleration in One Dimension

The longitudinal electric field generated by the electron density oscillation can be used to

efficiently accelerate electrons if they are injected into the minimum of the electric field Eacc

pointing against the laser direction. Injecting electrons externally requires an accuracy of

at least λp/2 which is in the order of few µm. This can be avoided by driving the plasma

wave so hard that single electrons become faster than the phase of the plasma wave leading

to wave breaking, i.e., electrons are self-injected from the maximum of electron density into

the accelerating longitudinal electric field by the plasma wave. Wave breaking occurs when

the electric field generated by the plasma wave exceeds the threshold field strength that can be
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derived as30

Eth =
mecωp

e

√
2(γ−1). (2.36)

The the regions where the electric field can accelerate electrons in forward direction move

along the laser axis with the phase velocity of the plasma wave vphp . The electrons propa-

gating faster than the phase of the wave are bound to run out of the accelerating region as the

longitudinal electric field changes its orientation at the minimum of the electron density. From

this point on electrons are decelerated, i.e. the dephasing limit is reached. The distance over

which electrons can be accelerated in a plasma wave is called dephasing length ddl and can be

calculated with24

ddl = λp

(
ωL

ωp

)2

= λp

(
ncr

ne

)
(2.37)

in the laboratory frame. The higher the electron density, the shorter the dephasing length.

If the dephasing limit is reached when the accelerated electrons reach the boundary of the

plasma, deceleration of the electrons can be avoided and the electrons exhibit maximal energy.

Assuming the accelerating field is constant all over the acceleration length, the maximal energy

is given by2

Emax = e
∫ ddl

0
Eaccdz =

π

2
mec2a2

0
ncr

ne
(2.38)

Nevertheless, with certain distributions of the electron density, the dephasing limit can be

overcome partially31. Furthermore, the electron energy and the stability of the process can be

increased by controlled injection32;33.

Acceleration in Three Dimensions

As electrons are expelled from the laser axis in each direction the resulting three dimensional

plasma wave can be comprehended as a pulsating electron density distribution. At the back of

the laser pulse, a region of low electron density is generated by the ponderomotive force. In

the highly non-linear broken-wave regime3 this region is completely free of electrons and a
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so-called bubble is formed. Electrons at the edge of the bubble move against the laser direction

to the end of the bubble where a fraction of these electrons can be injected into the accelerating

electric field. Due to the curvature of the bubble, the generated electric field has a focusing

effect on the electrons. While electrons injected on the axis of symmetry are accelerated

longitudinally, electrons injected off-axis additionally have a transverse velocity component

causing a divergent electron bunch. Figure 2.12 illustrates the principle of laser wakefield

acceleration in the bubble regime.

    electron
     bunch

pulse

ponderomotive force

n=n
i

o

plasma wavelength l
propagation direction

electric 
field

    electron
     bunch

pulse

ponderomotive force

n=n
i

o
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propagation direction

electric 
field

Figure 2.12: Along its way through the gas jet, the front of the laser pulse (orange) ionizes the atoms.
Due to the ponderomotive force of the laser pulse (black arrows), the electrons are ex-
pelled from the regions of the highest laser intensities. Restoring forces and inertia cause
a plasma wave (violet), i.e., the electrons oscillate with respect to the positive ion back-
ground. If the intensity of the laser pulse is sufficient, the region behind the laser pulse
is free of electrons. When the generated plasma wave breaks and electrons (cyan) are in-
jected into the longitudinal electric field (grey/yellow), the electrons are accelerated highly
efficiently. The electric field is calculated using Poisson’s equation.
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3 Experimental Setup and Methods

In order to accelerate electrons to relativistic velocities with a laser pulse, a system generating

these pulses with intensities in the range of 1018 W/cm2 and a target providing the electrons

is required. In this chapter, the JETI-laser system of the Institute of Optics and Quantumelec-

tronics in Jena as well as the setup of an experiment in the field of laser wake field acceleration

is introduced. However, the focus of this chapter is on the setup of the probe beam.

To provide a simple overview, Figure 3.1 depicts the schematic arrangement of the laser sys-

tem together with the target chamber and the probe beam. Both, the laser system and the

experimental setup are illustrated and explained in the following in more detail.
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Figure 3.1: Scheme of the laser system (right hand side) and setup of an experiment on electron acceler-
ation including the target chamber and the probe beam. Starting at the vacuum compressor,
the beam line is evacuated. The probe beam (orange) is split from the main beam (red) after
the plasma mirror chamber where 1% is transmitted through a dielectric beam splitter.
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3.1 The JETI-Laser System

In this section, the setup of the JETI-laser system upgraded in 2009 is described. Owing

to the broader spectrum, shorter laser pulses are available. The previous setup of the laser

system is described in a number of publications, e.g.34. For this reason, most importance is

attached to recent modifications. The main components are illustrated schematically in Figure

3.2. Employing the CPA principle (section 2.1.3), with the JETI-laser system pulses of about

800 mJ and a duration of 27 fs can be generated. Within the whole system, titanium doped

sapphire is used as active medium pumped by frequency doubled Nd : YAG-lasers.
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Figure 3.2: Schematic setup of the JETI-laser system.

In the mode locked oscillator, pulses with a bandwidth of 74 nm and a center wavelength

of 805nm are generated at a repetition rate of 76MHz. These pulses enter the booster module

where the pulse energy is enhanced in an 8-pass amplifier. A pulse picker (PP) reduces the

repetition rate to 10 Hz before the pulses are coupled into the 8-pass amplifier for the second

time. With the grating stretcher, the pulse duration is stretched to about 800 ps. Included into
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the stretcher box, an acousto-optic programmable dispersive filter (D) compensates higher

order dispersion induced by the stretcher or optical components further down the laser chain.

Hence, sub-30 fs pulses are feasible. In the regenerative amplifier, the pulses are kept until am-

plification saturation is reached at approximately 1 mJ. Every time the pulses have passed the

active medium inside the regenerative amplifier, an acousto-optic programmable gain control

dispersive filter (M) minimizes the effect of gain narrowing in the amplifiers attenuating the

intensity at the central frequencies. Afterwards, an ASE Pockels cell eliminates ns-prepulses

before the pulses enter the 5-pass amplifier. Leaving the front end, the pulses have an energy

of 25 mJ.

Except the vacuum compressor, the following components do not have been modified sig-

nificantly during the upgrade. A Faraday isolator prevents the front end from radiation backscat-

tered from the subsequent amplifiers or the target and the laser pulse energy is increased to

300 mJ in the consecutive 3-pass amplifier. Afterwards, the laser mode is cleaned using a spa-

tial filter. Finally, in the 2-pass amplifier with a cryogenic cooling system, the laser pulses are

amplified to 1.3 J. The vacuum compressor compresses the pulse duration to about 27 fs. After

the compressor a pulse energy of 800 mJ is available owing to its efficiency. For intensities

exceeding 1013 W/cm2 effects like self focusing, ionization and dispersion disturb the beam

profile when the laser pulses propagate through material such as glass or even air. Therefore,

the pulses are guided inside a vacuum system. A plasma mirror36 can be used to increase

the intensity contrast of the pulses by three orders of magnitude. The smaller the ratio of the

intensity of potential pre pulses to the peak intensity of the main pulse the higher the intensity

contrast. For further enhancement of the laser intensity, the pulses with a FWHM beam diam-

eter of approximately 50 mm are guided into the target chamber and then eventually focussed

onto the target by an off-axis parabolic mirror.
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3.2 Electron Acceleration Setup and Diagnostics

The setup for the electron acceleration experiment as carried out in September 2010 as well as

the convention for the coordinate system of the target chamber is depicted in Figure 3.3.
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Figure 3.3: The main beam (red) is focused with a parabolic mirror (f=1020.8 mm) into a gas jet. The
energy distribution of the accelerated electrons is measured in the electron spectrometer.
For each shot, the probe beam (orange) propagating nearly perpendicular with respect to the
main beam records the electron density distribution along its way through the plasma. Using
a Normarski interferometer, the phase of the probe beam and thus, the integrated refractive
index of the plasma (see also Chapter 4), is imaged with a CCD camera. The pointing of
the electron pulse can be determined with a movable aiming screen. An X-ray CCD was
used to image betatron radiation emitted by the electrons oscillating perpendicularly to the
laser axis.

Employing an off-axis parabolic mirror with a focal length of 1020.8 mm, the main beam

is focused into a gas jet. Combined with a FWHM beam diameter of 50 mm, an f-number

of 20 is obtained. The laser axis is defined in z-direction. A probe pulse propagates through

the ionized gas nearly perpendicular with respect to the laser axis. Hence, the plasma density

can be investigated as explained in chapter 4. Simultaneously, the energy distribution of the

accelerated electrons is determined in the electron spectrometer. For data acquiring and step
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motor control Labview1 routines were used.

3.2.1 Setup and Characterization of the Probe Beam

The interaction of the main beam with a medium, such as gases metals or glass, can be inves-

tigated with a probe beam. Applying a delay stage, the plasma generated by the laser pulse

can be investigated at different times with respect to the main pulse arrival. Thus, the tempo-

ral evolution of this perturbation is measurable. To provide temporal synchronization of the

pulses, the probe pulse is split from the main pulse at a dielectric mirror. In addition to the

mandatory components, new features, a single shot autocorrelator as well as near and far field

diagnostics, are integrated (section 3.2.1). A photograph of the probe beam setup is shown in

Figure 3.4.

Figure 3.4: The probe beam is set up on two platforms. A mirror telescope and a linear translation
stage representing the main components are situated on the lower platform. Near and far
field diagnostics as well as a single shot autocorrelator are integrated on the upper platform.

In dependence on the pulse duration and the diameter of the plasma, the temporal resolution

of the measurement can be influenced while the spatial resolution is given by the f-number of

the lens and the wavelength of the pulse. As the interferogram is imaged with a CCD camera,

the resolution can be limited technically. To avoid this, the pixel size has to be chosen suffi-

ciently small and the magnification of the lens sufficiently high.

1LABORATORY VIRTUAL INSTRUMENTATION ENGINEERING WORKBENCH
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Due to the upgrade of the JETI-laser system in autumn 2009, the pulses have a broader spec-

trum and hence, the transform limited pulse duration is shorter (see table 3.1).

previous after upgrade
bandwidth 12 nm 35 nm

pulse duration 80 fs 27 fs

Table 3.1: Overview on FWHM bandwidth and FWHM pulse duration before and after the upgrade of
the laser system.

For this reason, dispersion is more significant and has been taken into account for the setup

of the new probe beam. Furthermore, it has to be possible to probe the interaction area before

and after the main pulse has passed. Usually, in experiments, the main pulse is focused with

a parabolic mirror. To fulfill this requirement for parabolic mirrors with small focal distances

(120mm), the optical path of the probe beam has to be minimized. For experiments employing

parabolic mirrors with large focal distances (1020.8mm) an additional constant delay line

must be installable.

Setup

The probe beam is set up on two platforms. After the probe pulse is split from the main pulse,

it is coupled in on the lower platform (Figure 3.5).
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Figure 3.5: Probe beam setup: lower platform. The probe beam is coupled in, telescoped down and
delayed with regard to the main beam.
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To avoid dispersion, the lens telescopes of the former probe beam have been replaced by

a 7.5 : 1 mirror telescope reducing the beam diameter to about 6.7mm. The beam path of

the probe pulse is determined by the path of the main beam. Therefore, the focal lengths of

the telescope mirrors are restricted. The 4′′ mirror has a focal length of 750mm and the 1′′

mirror one of −100mm. Combined with a laser beam diameter of 50mm at the entrance and

6.7mm at the exit of the telescope, the aperture ratio of the telescope mirrors amounts to 15.

Nevertheless, aberrations are magnified since the curvature of the wave fronts is increased

when the beam diameter is reduced. As the large telescope mirror is not an off axis one, the

telescope has to be set up at an angle the size of which is a compromise between keeping the

resulting astigmatism as small as possible and avoiding to block the beam with the coupling-in

mirror.

By means of a 300mm linear translation stage, the temporal delay between main and probe

pulse can be varied. Its minimal step width of 5 µm corresponds to a minimal temporal delay of

33fs since the probe beam has to pass the delay line twice, i.e., the 300mm translation stage

covers a time window of 2ns. It has been observed that the linear translation stage shows

inaccuracies when it is moved37. For this reason, the probe beam experiences a displacement

in dependence on the position of the translation stage (section 3.2.1). To compensate for the

direction of the probe pulse, one of the mirrors of the translation stage of the former probe

beam was motorized. This concept has been adapted and extended by additionally motorizing

the second mirror of the translation stage. Hence, in addition to the beam direction the beam

position can be readjusted remotely.

The two platforms are connected via periscope. On the upper platform (Figure 3.6), the

pulses can be coupled out for pump-probe experiments. Moreover near and far field diagnos-

tics as well as a single shot autocorrelator are installed for beam characterization.
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Figure 3.6: Probe beam setup: upper platform. The probe pulses are coupled out for experiments and
can be characterized using near and far field diagnostics and a single shot autocorrelator.

Features

Near and Far Field Diagnostics. The lateral beam displacement caused by the translation

stage can be quantified imaging near and far field of a beam. The near field is a parallel beam

representing the beam position while the far field is situated in the focus of the beam and

corresponds to the beam direction.

For these measurements, laser light leaking through the coupling out mirror on the upper

platform of the probe beam is utilized. To detect near and far field of a pulse with a small

CCD chip, it is focused with a lens. Afterwards, the beam is split at a 1 mm thick glass plate.

If

ηD4

16λz3
0
> 1 (3.1)

holds a beam is in the near field11. Considering a refractive index of η=1, an aperture of

the focusing lens of D=2.54 cm, a wavelength of 800 nm and a distance of the camera from

the lens of z0=20 cm for the transmitted part (N), the ratio amounts to 4.1 and therefore, N

represents the near field. The reflected part (F) covers a larger distance and is focused onto the

camera (Figure 3.7(a)) representing the far field. An image of near and far field of a beam is

shown in Figure 3.7(b).
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Figure 3.7: The setup of near and far field diagnostics is depicted in (a). A pulse propagates through an
imaging lens and subsequently, is split at a glass plate. Near (large spot) and far field (small
spot) are depicted in (b).

The displacement of the far field has been measured with a helium-neon laser. The vertical

displacement (Figure 3.8(a), black line) exhibits a linear slope, i.e. it depends on adjustment.

In contrast, the horizontal beam displacement (Figure 3.8(b), black line) is not connected

linearly to the position of the translation stage. It was found that the translation stage is tilted

horizontally when it moves. The beam displacement can be compensated readjusting near and

far field to their original position (Figure 3.8 violet lines).

(a) (b)

Figure 3.8: The vertical beam displacement (a) depends on adjustment while the horizontal beam dis-
placement (b) additionally depends on the position of the translation stage (black lines).
Employing the motorized mirrors of the translation stage, the beam displacement can be
compensated (violet lines). The accuracy of the readjustment amounts to about ±0.1 mrad
for this measurement.

By means of a self developed Labview routine, the motorized mirrors of the translation
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stage can be controlled remotely. As the mirror movement is not reproducible exactly, the

routine adjusts the mirrors iteratively. The software has access to the original and the current

position of near and far field so that automatic readjustment is possible. The accuracy of the

adjustment depends on the stability of the pointing of the incident beam and the pixel size of

the imaging camera. For the measurement in Figure 3.8 an accuracy of ±3 px corresponding

to approximately ±0.1 mrad was chosen. Due to the stabile pointing of the helium-neon laser

used for this measurement it would have been possible to further increase the accuracy to about

±0.03 mrad. However, the pointing of the probe beam inside the target chamber is less stabile

as it is subject to vibrations generated by the vacuum pumps. An accuracy of approximately

±150 mrad and ±50 mrad for the near and the far field, respectively is feasible.

The Single Shot Autocorrelator.
The pulse duration of the probe beam has not been measured for the previous setup. Mea-

suring the duration of the probe pulse introduces the possibility to compress the pulse to its

transform limit using dispersive mirrors as long as the pulse did not experience higher order

dispersion.

The pulse coupled into the single shot autocorrelator (Figure 3.9) is split into two replica at a

beam splitter.
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Figure 3.9: Setup of the single shot autocorrelator. Measuring the width of the second harmonic gener-
ated in the BBO crystal, the pulse duration of the incoming pulse can be calculated.

The transmitted pulse (T) passes a variable delay line so that it can be shifted temporally

with respect to the reflected one (R). As the delay line s has to be covered twice by the trans-
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mitted pulse, the corresponding shift in time ∆t can be calculated as

∆t =
2s
c

(3.2)

where c is the velocity of light. The second harmonic of the two pulses generated in a 100 µm

thick BBO crystal passes a filter blocking the remainders of the fundamental frequency and is

imaged at a CCD camera. The nonlinear crystal has been tested with pulses as short as 27fs

comparing the pulse duration measured with the crystal with the one measured employing a

commercially acquirable device1.

The pulse duration of the probe beam measured using the single shot autocorrelator was

compared to theory. To process the theoretical calculations Lab238 was used. Lab2 is an add-

on to Labview developed to simulate experiments in ultra fast optics. To accurately calculate

the theoretical pulse duration, the spectrum of the probe beam (Figure 3.10, black line) has

been measured. Comparing the spectra of the probe and the main beam (Figure 3.10, violet

line), it can be recognized that these are not identical. Presumably, the spectrum of the probe

pulse is modified when the pulse is transmitted through the beam splitter.

Figure 3.10: Spectra of the main (violet) and the probe beam (black). Each spectrum is normalized to
an arbitrary value. As the probe beam is split from the main beam as 1 : 99, its maximal
intensity is not more than 1/99 of the maximal intensity of the main beam.

For interferometric measurements, temporal as well as spatial coherence have to be pro-

vided. Temporal coherence is connected to the width of the spectrum of the radiation. The

broader the spectrum the less interference stripes are visible. Figure 3.11(a) depicts an in-

terferogram recorded with the broad probe beam spectrum. In this case, few interference

1FEMTOMETER from FEMTOLASERS
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stripes appear whereas interferometry with the probe beam spectrum filtered with an adequate

interference filter increases the number of stripes (Figure 3.11(b)). Disadvantageously, the

temporal resolution is lower for a cut spectrum.

(a) (b)

Figure 3.11: Interferograms of the (a) broad and (b) cut probe beam spectrum. To cut the spectrum
a 10 nm bandpass filter was used. The broader the spectrum the lower the number of
interference stripes.

The filtered spectrum (violet line) is depicted in comparison to the probe beam spectrum

(black line) in Figure 3.12(a). Employing these spectra, the filter function can be calculated.

Fitting a Gaussian function to the filter data (Figure 3.12(b)) yields a FWHM of 10,5nm

centered at 800nm.

(a) (b)

Figure 3.12: The filtered (violet) and unfiltered spectrum (black) at the tapping for the probe beam is
depicted in (a). Again, each spectrum is normalized to an arbitrary value. The calculated
filter function (black dots) and Gaussian fit to the data (violet line) (b) can be determined
up to a factor of proportionality.
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The transform limited as well as the pulse duration due to dispersion have been calculated

and measured for the filtered and the unfiltered spectrum of the probe beam.

Theory.1 As the spectra do not have a Gaussian shape (Figure 3.10, Figure 3.12(a)), the

transform limited pulse duration is not that of a Gaussian pulse. In the following, the band-

width is given as the full width at 10% of the maximal intensity. The transform limited pulse

duration of the main beam is 27.1fs at a spectral width of 66.5nm. For a bandwidth of about

59.9 nm of the uncut spectrum of the probe beam together with the intensity in dependence on

the wavelength, the transform limited pulse duration expected amounts to 28.6 fs. To account

for the interference filter used in the experiment, the filtered spectrum is used for calculations.

The bandwidth of the filtered spectrum amounts to 59.1nm. Before the probe beam traverses

the plasma it passes several dispersive media. The unfiltered pulse is stretched to 98.3fs and

the filtered one to 217.6fs.

A vacuum window has to be passed by the probe beam to enter the target chamber. In the

experiment it was a Quartz window of a thickness of 10mm. Considering this to calculate the

pulse duration inside the chamber, the initially short pulse of 27.4fs has a duration of 113.5fs

at the target.

The inaccuracy of the spectrometer used to measure the spectra of the probe beam is about

1 nm and therefore, it does not significantly affect the calculation of the respective pulse dura-

tions.

Measurement. To calibrate the measurement, the images of the second harmonic were

taken for four relative delays between the reflected and the transmitted pulse. The linear trans-

lation stage of the autocorrelator was displaced by 80 µm corresponding to a total temporal

displacement of 533fs. As explained in section 2.1.4 the position of the signal of the second

harmonic shifts on the image in dependence on the delay between the two pulses. The total

temporal delay between the two pulses exceeds the maximum pulse duration by more than

100% justifying the usage of the calculated calibration factor. Figure 3.13 depicts the images

used for calibration.

1Calculated using Lab238
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(a) ∆s =−40 µm (b) ∆s =−20µm (c) ∆s = 20µm (d) ∆s = 40µm

Figure 3.13: Calibration images. As the fundamental beams are coherent interference stripes are visible
in the second harmonic.

Fitting the relative delay to the position of the maximal intensity gives the calibration factor

(Figure 3.14). It is determined for this setup as 4.6±0.08 fs/px.

Figure 3.14: Linear fit of the temporal delay between the two pulses over the pixel number of the
position of the maximum intensity. The slope yields a calibration factor of 4.6±0.08 fs/px.

To obtain the pulse duration from the width of the second harmonic, equation 2.20 is used.

Due to the propagation of the probe beam through dispersive media, the pulse duration was

measured to be 87± 6fs. An interference filter with a transmittance bandwidth of 10nm

centered at 800nm further stretches the pulse duration to 183±11fs (Figure 3.15).
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(a) (b)

Figure 3.15: Second harmonic signal to determine the pulse duration for (a) the unfiltered and (b) the
filtered spectrum.

Comparison Measurement and calculation are compared graphically in Figure 3.16. Espe-

cially for the unfiltered spectrum theoretical and experimental results are in good agreement.

(a) (b)

Figure 3.16: Comparison of theory and measurement for (a) the broad and (b) the cut spectrum.

As the inaccuracy for the theoretical values is negligible, only the inaccuracies of the mea-

sured ones are considered. The pulse with the uncut spectrum has a measured pulse duration

of 87±6fs while it was calculated to 98fs. The difference between measurement and theory

is less than 10% and in the range of the inaccuracy due to the measurement. Calculating the

duration with the filtered spectrum gives a pulse duration of 218fs. However, the measured

pulse duration amounts to 183± 11fs. The material of the interference filter is not known.

For this reason, the discrepancy between theory and measurement is larger than the calculated
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inaccuracy. Furthermore, the relative inaccuracy is higher for the pulse with the filtered spec-

trum than for the one with the unfiltered spectrum.

3.2.2 The Normarski Interferometer

To generate a probe and a reference from an incident beam, in a Normarski interferometer a

Wollaston prism (Figure 3.17) is used. It consists of two birefringent quartz prisms whose

optical axes are oriented perpendicularly to each other. As a result, a pulse incident with its

plane of polarization oriented under 45◦ with respect to these axes is separated by the prism

into two beams with polarization perpendicular to each other but with the same intensities.

Both of the beams cover the same optical path providing temporal coherence intrinsically.

Therefore, it is very well suited for short pulse interferometry.

e

Figure 3.17: The optical axes of the two birefringent prisms of the Wollaston prism are oriented per-
pendicularly to each other. A beam with its plane of polarization oriented under 45◦ with
respect to these axes is split into two beams with a polarization perpendicular to each other.

Next to temporal coherence, for interferometry also spatial coherence is required. The

distance along which the two beams have to be spatially coherent7

dc =
∆xWiε

V
(3.3)

depends on the magnification of the lens V, the distance of the image plane from the Wollas-

ton prism ∆xWi and the angle ε between the two beams. ε is determined by the angle between

the plane of incidence and the mating surface as well as the difference in the two refractive

indices. To allow interference between the two beam parts, a polarizer is included after the

prism.
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lens

Wollaston
prism

polarizer

plasma

i

x

y

z
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plasmao f DxfW DxWi

Figure 3.18: Normarski interferometer. A lens is situated in a distance o, from the plasma. Inside the
Wollaston prism the beam is split symmetrically. A polarizer allows for interference of
the beams whose polarization is oriented perpendicular to each other. ∆xfW denotes the
distance between the focus of the lens and the Wollaston prism while ∆xWi is the distance
from the prism to the image plane.

The width of the interference stripes is given by7

ds =
λ

ε
· ∆xWi

∆xfW
(3.4)

with the wavelength of the incident radiation λ and the distance between the focus of the lens

and the Wollaston prism ∆xfW, i.e. the distance of the stripes can be varied through the posi-

tion of the prism.

Phase changes induced by the electron density distribution are contained in both beams. To

obtain an interferogram from which the phase shift can be retrieved, a part of the beam con-

taining the plasma signal (probe) ,i.e. a disturbance, is superimposed with an undisturbed area

of the other beam (reference)39.

3.2.3 The Electron Spectrometer

The electron spectrometer (Figure 3.19) used in the experiment was built in 200640. Due to re-

cent changes in the scope of a Diploma thesis28, the energy scale of the spectrometer has been
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recalculated. In a magnetic field, charged particles are forced into a circular trajectory around

the magnetic field lines if they have a velocity component perpendicular to the magnetic field.

The higher the energy of an electron with the mass me the larger is the radius of curvature.

To measure the electron energy, a phosphorescent material is installed (Figure 3.19(b)). The

number of electrons incident at such a screen is proportional to the intensity of the emitted

radiation41.

(a)

20MeV40MeV60MeV

120MeV

(b)

Figure 3.19: The electron spectrometer is depicted (a) from the front with a 2mm slit oriented perpen-
dicularly to the plane of dispersion and (b) from the top with the phosphorescing screens
(black) and electron trajectories for different electron energies (red). The dashed line is
the trajectory of an electron in the absence of a magnetic field..

The electron bunch accelerated inside a bubble exhibits divergence (section 2.2.5). De-

pending on the angle of divergence, the energy resolution is affected. A vertical slit with a

width of 2mm at a distance of one meter form the target reduces the angle of divergence to1

1mrad. Moreover, the energy resolution is affected by the nonlinear relation of electron en-

ergy and the curvature of the electron trajectory. The higher the electron energy the lower

the energy resolution. To measure in a sufficient energy range, low (10− 55MeV) and high

energy (60−240MeV) electrons are detected at separate screens.

1Half opening angle.
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4 Interferometric Plasma Probing

In this chapter, the relation between the interferograms, the probe beam phase and the electron

density distribution is explained. To yield the electron density distribution from the interfero-

grams, Fourier transformation and Abel inversion are well-established methods.

4.1 Electron Density and Phase of the Probe Beam

Assuming the plasma to be investigated is sufficiently thin and the density gradient sufficiently

low, the probe beam is not refracted but only accumulates additional optical phase compared

to a propagation in vacuum. The phase shift difference ∆Φ the beam experiences in the plasma

is an indicator for the refractive index distribution η(x,y,z) of the plasma which in turn is con-

nected to the electron density distribution ne(x,y,z) (equations 4.1 - 4.5). Figure 4.1 illustrates

a possible electron density distribution and the corresponding phase shift of the probe pulse.

Considering a plane z= const, i.e. perpendicular to the direction of main-pulse propagation,

and the probe beam to propagate in x-direction, the refractive index of a plasma is a two

dimensional distribution η(x,y). For each height yi, the probe beam accumulates the phase

shift caused by the plasma along its path in x-direction. The phase of the probe beam can be

expressed in terms of the integrated refractive index42

Φ(yi) =
ω

c0

∫
(η(x,yi))dx. (4.1)

This equation represents the sum of the undisturbed phase an electromagnetic wave accumu-

lates in vacuum, which is linear, and the phase shift caused by the plasma. Subtracting the
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Figure 4.1: The propagation of the probe beam through the electron density distribution of the plasma
causes a shift in its phase compared to a vacuum propagation. (a) Radial profile of the
electron density along the laser axis. (b) Cross section of the Gaussian shaped electron
density perpendicular to the laser axis and the corresponding phase shift ∆φ. The legend in
(a) is also valid for (b)

linear phase of equation 4.1 and plugging in

η(x,y) =

√
1− ne(x,y)

ncr
(4.2)

yields

∆Φ(yi) =
ω

c0

∫
(

√
1− ne(x,yi)

ncr
−1)dx (4.3)

describing the phase shift of the probe beam in dependence on the integrated electron density.

Assuming ne � ncr, the square root in equation 4.3 can be approximated Taylor expanding

until the linear term

1− 1
2
· ne(x,yi)

ncr
(4.4)

and equation 4.3 can be transformed to

∆Φ(yi)≈
ω

2c0ncr

∫
ne(x,yi)dx. (4.5)
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Thus, the integrated plasma density is related to the phase shift difference measurable inter-

ferometrically.

4.2 Phase Measurement

In a Normarski interferometer (section 3.2.2) an incident pulse is split into two replica which

can be described by EI · exp(iωt) and EII · exp(iωt+ i∆Φ), respectively. Coherently superim-

posing the two waves leads to a resulting field of

Eres = (EI +EII · exp(iΦ)) · exp(iωt) (4.6)

and a corresponding intensity of

Ires ∝ E2
res = E2

I +E2
II +2EIEII cosΦ (4.7)

which can be imaged using a CCD camera. The intensity distribution due to interference of the

two pulses is depicted in Figure 4.2. While superimposing two undisturbed parts gives straight

stripes (Figure 4.2(b)), the interference pattern exhibiting the plasma information shows bent

stripes 4.2(a).

(a) (b)

Figure 4.2: Interference patterns for (a) an interferogram containing plasma information and (b) the cor-
responding reference interferogram in vacuum. Whereas the perturbation due to the plasma
leads to bend interference fringes, the reference interferogram shows straight stripes.

As the cosine is 2π-periodic, it is not possible to retrieve the absolute phase Φ. To work

around this, a reference interferogram containing exclusively vacuum phase information is

recorded. Instead of calculating the absolute phase shift, the phase of the reference is sub-
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tracted from the phase containing the plasma information

∆Φ = Φplasma−Φvacuum =
ω

c

∫
(η−1)dx. (4.8)

This equals equation 4.1 and can be transformed into a dependency of the phase shift on

the integrated electron density (equation 4.5). If no reference interferogram is available, alter-

natively, one can calculate the plane phase originating from vacuum by fitting a plane on the

phase information of the measurement interferogram and subtracting this from the measured

phase.

4.3 Phase Retrieval

4.3.1 Removal of Disturbing Frequencies from the Interferogram via

Fourier Filtering

The two dimensional intensity distribution43 I(x,y) of an interferogram can be described by

I(x,y) = Ĩ(~r) = Ĩ0(~r)+ C̃(~r)cos(2π~ν0(~r)~r+Φ(~r)). (4.9)

I0 is the background intensity and ~ν0 the carrier frequency vector. The contrast function

C(~r) indicates the visibility of the interference stripes. Substituting

Ã(~r) =
1
2

C̃(~r)eiΦ (4.10)

in equation 4.9 yields

Ĩ(~r) = Ĩ0(~r)+ Ã(~r)e2πi~ν0~r + Ã∗(~r)e−2πi~ν0~r (4.11)

where Ã∗ denotes the complex conjugate of Ã. Fourier transforming this equation results in
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ĩ(~r) = ĩ0(~ν)+ ã(~ν−~ν0)+ ã∗(−~ν−~ν0) (4.12)

with a small letter representing the Fourier transformed of the quantities labeled with the

corresponding capital letter. Transformed into the frequency domain, the phase function Φ is

separated from the intensity background ĩ0 by the carrier frequency~ν0. Shifting the lower fre-

quency components to the center of the spectrum, the required phase information is arranged

symmetrically around the low frequencies of the background intensity as depicted in Figure

4.3(a). To filter the phase information contained in ã or ã∗, respectively, the Fourier spectrum

is masked.

Backtransforming the masked data to the spatial domain, returns the function A(~r) exhibiting

the data of the cleaned interferogram shown in Figure 4.3(b).

(a)

(b)

(c)

Figure 4.3: Data in the Fourier and spatial domain. In the cut-out of the FFT data (a) the area outside
the white contoured rectangle is masked. All the data outside the rectangle are set to zero.
The data of the interferogram edited in the Fourier domain (b) is suited for phase retrieval.
For comparison, the original interferogram is shown in (c).
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4.3.2 Phase Calculation

The phase of the probe beam can be calculated by means of

Φ(~r) = arctan
Im(A(~r))
Re(A(~r))

. (4.13)

If the phase information a(~ν−~ν0) is filtered when the lower frequency components are not

shifted to the center of the spectrum, equation 4.13 contains a linear phase that has to be

removed to yield the desired information. Due to the 2π-periodic discontinuities of the arctan-

function, the phase cannot be retrieved uniquely in the first place but has to be unwrapped to

obtain a continuous phase function. The phase jumps amounting to an integer multiple of 2π

can be removed by adding several step functions to the phase function (Figure 4.4).

(a) (b)

Figure 4.4: The 2π-periodic discontinuities of the arctan-function cause phase jumps (a). The un-
wrapped phase is a continuous function.

If the discrepancy between two adjacent values exceeds π, the unwrapped phase Φu of an

m×n phase distribution Φ is calculated as follows44:

Φum(m,n) =

Φ(m,n)−
(

Φ(m,n)−Φ(m−1,n)
2π

+0.5
)

2π if i = 1, ...,m−1

Φ(m,n) if i = 0
(4.14)
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Φ(m,n)u =

Φum(m,n)−
(

Φum(m,n)−Φum(m,n−1)
2π

+0.5
)

2π if i = 1, ...,n−1

Φum(m,n) if i = 0
(4.15)

The unwrapped phase calculated from the data depicted in Figure 4.3(b) is shown in Figure

4.5(a). Removing the linear phase yields Figure 4.5(b).
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(b)

Figure 4.5: Unwrapping the phase obtained with equation 4.13 yields the data depicted in (a). Remov-
ing the linear component results in the phase shift of the probe beam (b) caused by the
plasma.

4.4 Abel inversion

Applying the inverted Abel integral equation to the accumulated phase of the probe beam, the

electron density can be calculated.

4.4.1 General Idea

Owing to the symmetric distribution of the plasma, the two dimensional projection (equa-

tion 4.5) can be traced back to the three-dimensional electron density distribution. For a

cylindrically symmetric electron density, Abel inversion can be used to calculate the original

distribution. Transforming the differential dx in

∆Φ(yi)≈
ω

2c0ncr

∫
ne(x,yi)dx (4.16)

into cylinder coordinates and inserting it into equation 4.16 gives42

∆Φ(y) =
ω

c0ncr

∫ R

y
ne(r)

rdr√
r2−y2

. (4.17)
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Abel inverting equation 4.17, the radial electron density distribution42 (Figure 4.6)

ne(r) =−
λncr

π

∫ R

r

d∆Φ(y)
dy

dy√
y2− r2

. (4.18)

for a plane z = constant can be calculated.

1E19

0

2E19

electron density 
3 1/cm

1E19

0

2E19

Figure 4.6: Via Abel inversion, the radial electron density distribution can be calculated.

4.4.2 Discrete Abel Inversion

The two dimensional phase shift ∆Φ obtained from the interferorams is not expressed as an

analytical function. Rather, the data are available in form of a matrix with discrete elements.

For an m×n matrix where m corresponds to x and n to y, the derivative of the discrete values

in ∆Φ(y) is calculated as follows44

∆Φ(y)
dy

∣∣∣∣
yi

=
1
2
(∆Φ(yi+1)−∆Φ(yi−1)) (4.19)

with i = 2,3....n−1.

The integral has to be calculated discrete as well44:

n′e(r) =−
λncr

π

n−1

∑
i=1

1
2

 ∆Φ(y)
dy

∣∣∣∣
yi

1√
y2

i − r2
+

∆Φ(y)
dy

∣∣∣∣
yi+1

1√
y2

i+1− r2


︸ ︷︷ ︸

Abel inversion

(4.20)
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for i = 1,2....,n−1.

In consequence of the discretization of the phase shift due to the pixels of the camera, the

electron density n′e(r) is given in units of 1/cm3· µm/px if the wavelength is inserted in µm.

The electron density ne(r) in units of 1/cm3 is obtained correcting n′e(r) with the magnifi-

cation factor M of the camera expressed in px/µm

ne(r) =
n′e(r)

M
(4.21)
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5 Results

In this chapter, the electron densities and energies measured in an experiment in the field of

laser wakefield acceleration are introduced.

5.1 Evolution of the Plasma Density

Electrons can be accelerated close to the speed of light via laser wakefield acceleration. Basi-

cally, laser wakefield acceleration takes place in three steps. As soon as the laser intensity is

sufficient, the main beam ionizes the gas and thus, generates free electrons. Helium is singly

ionized at 1.4×1015W/cm2 and doubly ionized at 8.8×1015W/cm2. Nevertheless, from about

2×1012W/cm3 free electrons are already generated via tunnel ionization. As the pulses have

a peak intensity of about 1019 W/cm2 helium is fully ionized before the peak of the main pulse

arrives. The ponderomotive force of the laser pulse causes a plasma wave which generates a

longitudinal electric field. If the plasma wave breaks, electrons are injected into a region of

low electron density in laser direction and are accelerated in the wakefield of the laser pulse.

With a probe pulse, the properties of the plasma at different times during the interaction and

hence, during the acceleration process, can be investigated interferometrically. In the ex-

periment, the interferograms were taken with a resolution of 8 µm in propagation direction.

Moreover, the probe pulse had a duration of approximately 200fs causing a blurred image in

propagation direction. A plasma wave has a wavelength of few microns. Hence, with this

resolution it cannot be resolved. Rather, the measurement gives an average over the elec-

tron density which can be calculated from the phase shift of the probe pulse (Figure 5.1(a)).

With a probe pulse duration of 8 fs and a spatial resolution of 2 µm A. Buck, M. Nicolai et al.

succeeded to resolve the plasma wave (Figure 5.1(b)) via polarimetry.
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(a) (b)

Figure 5.1: Comparison of macroscopic and microscopic measurements. Using a probe pulse with a
duration of 200fs and a spatial resolution of 8 µm, in the interferogram only the averaged
phase of the probe beam can be resolved (a) while with an 8fs long probe pulse and a spatial
resolution of 2 µm the plasma channel (b) can be resolved by means of polarimetry.

A supersonic gas jet has almost no horizontal velocity component and can be assumed to

have a constant gas density along the laser axis45, i.e., if the position of one of the edges of the

gas jet is known, the position of the middle of the gas nozzle can be estimated: The later the

time during the interaction the further the ionization front is shifted in laser direction (Figure

5.2). When the delay of the probe pulse is increased but no further shift of the ionization front

is recorded, the rear edge of the gas jet is reached. Subtracting the radius of the gas nozzle

from that position the middle of the gas is obtained. The diameter of the gas nozzle was 3mm

in the experiment. In the pictures the middle of the gas jet is situated at position=0. The

leading edge was not imaged with the camera.
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Figure 5.2: The later the probe pulse passes the plasma the further the ionization front has propagated.
The interferograms are recorded at different interaction times. From the uppermost to the
lowermost picture each interferogram is taken at a later time during the interaction. The
middle of the gas nozzle with a 3 mm diameter is situated at position = 0.

Since the phase of the probe beam accumulated inside the plasma is presumed to be radially

symmetric, it is possible to calculate the radial profile of the electron density representing the

three dimensional distribution. A typical interferogram and the corresponding electron density

are depicted in Figure 5.3.
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Figure 5.3: The interferogram in (a) contains the phase of the probe pulse. Assuming radially symmet-
ric data the radial profile of the electron density (b) can be calculated from the interfero-
gram. The middle of the gas nozzle with a 3 mm diameter is situated at position = 0.

The increasing laser intensity at the pulse front originating from the spatial intensity profile

of the pulse causes an electron density gradient in laser direction. The electron density gradient

dne

dz
≈

ne,max

∆L
(5.1)

can be approximated by the ratio of the maximal electron density ne,max and the rise length

∆L which is the distance between maximal and zero electron density ne,zero. By means of a

horizontal lineout along the axis of symmetry, the peak electron density and the rise length

can be determined. As Abel inversion relies on cylindrically symmetric data, the experimental

data have to be symmetrized. In consequence, the algorithm fails on the axis of symmetry. As

a compromise, the horizontal lineout (Figure 5.4(b)) shows the electron density close to the

axis of symmetry.

The vertical lineout (Figure 5.4(b)) reveals the width of the ion front which can give evidence

about the diameter of the pulse where the pulse intensity is about 2× 1012 W/cm2 which is

the intensity threshold for tunnel ionization for helium.
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Figure 5.4: The electron density is studied taking lineouts of its radial profile. In the radial profile of the
electron density (a) the positions of the horizontal (b) and vertical lineout (c) are marked
yellow and orange, respectively. The middle of the gas nozzle with a 3 mm diameter is
situated at position = 0.

The temporal shape of the main pulse was determined using third order autocorrelation. The

autocorrelation trace was recorded in vacuum and therefore, it is not affected by nonlinear

effects. However, in a plasma, the main pulse is modulated. As a result the leading edge

of the main pulse inside a plasma is most probably steeper and the duration of the pulse is

shorter. For this reason, an exact comparison of the autocorrelation trace and the horizontal

lineout of the plasma density is not possible. Nevertheless, Figure 5.5 shows an overlap of the

autocorrelation trace and the horizontal lineout of the plasma density. The distance between

the intensities to singly and doubly ionize helium is in good agreement with the corresponding

distance between maximal and half electron density in the horizontal lineout. It amounts to
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about 57 µm, i.e. approximately 170 fs. The peak of the autocorrelation trace is situated

35µm or 100 fs behind the intensity where helium is singly ionized. Considering pulse front

steepening in the plasma, the peak of the modulated pulse probably arrives earlier than the

peak of the pulse propagating in vacuum.
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Figure 5.5: The third order autocorrelation trace of the main pulse (black) is overlapped with the hor-
izontal lineout of the electron density (blue). The threshold intensity to singly and doubly
ionize helium via over the barrier ionization are marked (red lines). The green lines mark
the position of the maximal and the half electron density.
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5.1.1 Accuracy of Optical Plasma Probing

Different effects influence the phase of the probe beam accumulated during its passage through

the plasma. By means of theoretical simulations, the phase of the probe beam and the calcu-

lated electron density are compared for different probing conditions. Starting with an ideal

probing situation, subsequently, three effects are discussed. These three effects are caused by

probing at an angle, the finite duration of the probe pulse and the propagation of the main

beam. Finally, these effects are combined to estimate the difference between ideal and real

probing.

The simulations were realized using Labview. A radially symmetric three dimensional elec-

tron density distribution was generated. The image scale in the experiment as well as in the

simulation amounts to 2.7 µm/px. As the radial profile of the measured electron density (Fig-

ure 5.4(b)) the simulated density (Figure 5.6(a)) exhibits a density peak at the front. In the

experiment and in the simulation a probe pulse with a duration of about 200fs, corresponding

to a longitudinal dimension of approximately 67 µm, was used. To investigate the resolu-

tion due to the different effects, the magnitude of the profile is modulated sinusoidally with

a wavelength of λ = 80 µm. In the horizontal lineout (Figure5.6(b)) the peak and the mod-

ulation are clearly visible. A channel width of 112 µm can be read from the vertical lineout

(Figure 5.6(c)).

In the following, the phase of the probe beam has been calculated by accumulating the elec-

tron density according equation 4.5, i.e. all the single planes have been summarized along

the propagation direction of the probe beam. The simulation is explained more thoroughly in

appendix C.
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(a)

(b) (c)

Figure 5.6: Simulation of the radial profile of the electron density (a) as well as the horizontal (b) and
vertical lineout (c).

Ideal Probing

The infinitely short probe pulse propagates through the stationary plasma perpendicularly to

the propagation direction of the main beam. The phase of the probe beam accumulated in a

plane y=constant is depicted in Figure 5.7. The electron density (Figure 5.6(a)) as well as

phase shift of the probe beam (Figure 5.7) accumulated in the plasma are radially symmetric.

Ideal probing reveals the exact distribution of the electron density.

Figure 5.7: Phase in a plane y=constant if the plasma is probed at ideal conditions.
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Temporal Effects

A pulse has a finite duration τ. Hence, one position in space is probed for a time identical

to this duration. During this time, the channel is shifted by ∆x = τvg as the pulse propagates

with its group velocity vg. In consequence, the ionized area is the longer and the resolution the

smaller the longer the pulse. In this measurement campaign, the electron density was measured

interferometically. This requires not only spatial but also temporal coherence. Therefore, the

shorter the pulse, the smaller the interference pattern and thus, the area that contains the phase

information (see section 3.2.1). In a simulation, the finite duration of a probe beam can be

accounted for by averaging the images of the shifting plasma (Figure 5.8).
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Figure 5.8: Scheme on temporal effects.

For a probe pulse with a duration of 200fs the length of the plasma is enhanced by about

67 µm. Accordingly, a structure to be resolved clearly, has to be larger than 67 µm. For an

image scale of 2.67 µm/px 25 pictures subsequently shifted by one pixel in laser direction

relative to each other have to be included in the calculation. Averaging over these pictures

does not affect the radial symmetry of the phase of the probe beam (Figure 5.9(c)). The

measured length of the channel (Figure 5.9(d)) is longer by τc. For this effect, the electron

density is strongly smoothed due to the phase averaging in x-direction,.
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(a) (b)

(c) (d)

Figure 5.9: Phase (a) and electron density (b) in a plane y=constant for ideal probing compared to
the phase (c) and electron density (d) calculated if a finite duration of the probe pulse is
considered.

The horizontal lineout (Figure 5.10(a)) shows a shift in laser direction. Furthermore, the

sinusoidal modulation has almost vanished. The amplitude of the electron density is slightly

lower compared to ideal probing (figure 5.10(b)).

(a) (b)

Figure 5.10: Horizontal (a) and vertical lineout (b) of the ideally probed plasma compared to the line-
outs of the plasma probed with a finite probe pulse.
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Propagation Effects

While the probe beam propagates through the plasma, simultaneously, the main pulse is prop-

agating in perpendicular direction, i.e., the electron density distribution is not stationary and

the probe beam samples the electron density during the time the plasma is evolving. In a sim-

ple model each plane y=constant is shifted by the same distance the main pulse passes during

that time. Thus, the probe beam experiences a skewed electron density distribution (Figure

5.11).
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Figure 5.11: Scheme on propagation effects.

For that reason, the position of the plasma is shifted on the camera in laser direction de-

pending on the shape of the ionization front. An averaged lengthening factor can be estimated

by 1/cos(45◦) (Figure 5.12(d)) and in this regard, the electron density is lower by a factor of

cos(45◦). Note, that this factor does not include the dependency on the actual shape of the

electron density and can only be considered as an orientation.

As main and probe pulse propagate with the same velocity, for the probe pulse the plasma is

skewed by 45◦ in laser direction. Thus, the sinusoidal modulation is rotated by 45◦ and the

phase (Figure 5.12(c)) is not radially symmetric. Hence, the image of the electron density is

blurred and the sinusoidal modulation not recognizable.
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(a) (b)

(c) (d)

Figure 5.12: Real phase (a) and electron density (b) in a plane y=constant compared to the phase (c)
and electron density (d) considering a propagating main pulse

The propagation effect has a stronger influence on the shape of the measured electron den-

sity than the temporal effect. The shift in laser direction is larger and no sinusoidal modulation

is visible (Figure 5.13(a)). The vertical lineout clearly shows that the maximal electron density

measured is even lower.

(a) (b)

Figure 5.13: Horizontal (a) and vertical lineout (b) of the ideally probed plasma compared to the line-
outs of the plasma probed considering a propagating main pulse.
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Angular Effects

Due to spatial restrictions in the target chamber, the plasma could not be probed perpendicular

to the main beam direction. In this case, the probe beam passes the plasma at an angle α. This
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Figure 5.14: Scheme on angular effects.

angle describes the deviation of the angle between

main and probe beam from 90◦. Figure 5.14

shows a scheme on probing at an angle. Consult-

ing this scheme, the real electron density as well

as the length of the ionized area can be estimated

from the measured ones. The probe beam expe-

riences a shorter ionized area in conjunction with

a stronger phase shift according to its longer way

through the plasma. When a plasma of the length

l is probed at an angle α, the probed length l′ is

smaller by a factor cos(α), i.e

l =
l′

cos(α)
. (5.2)

Accordingly, the plasma density ne can be estimated by

ne = n′e cos(α). (5.3)

For an angle of 15◦ the factor cos(α) amounts to about 0.97 so that only small changes are

expected. Figure 5.15 depicts the phase of the probe beam in a plane y=constant and the

calculated radial profile of the electron density.

If the probe beam passes the plasma at an angle, it experiences the sinusoidal modulation as

rotated by that angle (Figure 5.15(c)). Hence, the phase of the probe beam is not radial sym-

metric and the calculated electron density distribution (Figure 5.15(d)) is slightly smoothed.
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(a) (b)

(c) (d)

Figure 5.15: Phase in a plane y=constant (a) and radial profile of the electron density (b) for ideal
probing compared to the phase (c) and electron density (d) extracted if the plasma is probed
at an angle α = 15◦.

Horizontal (Figure 5.16(a)) and vertical lineout Figure 5.16(b)) show that the discrepancy

between ideal probing and probing at α = 15◦ is negligible. The position on the camera, the

sinusoidal modulation as well as the amplitude are preserved. Note that the resolution of the

sinusoidal modulation depends on the wavelength for this effect as well. A modulation with a

wavelength of about 30µm would have vanished.

(a) (b)

Figure 5.16: Horizontal (a) and vertical lineout (b) of the ideally probed plasma compared to the line-
outs of the electron density measured at an angle.
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Combined Effects

Considering all three effects simultaneously results in a strong deformation of the phase of

the probe beam accumulated in the planes yi=constant. Similar to the propagation effect, in

this case one can identify no sinusoidal modulation in the electron density distribution (Figure

5.17).

(a) (b)

(c) (d)

Figure 5.17: Phase (a) and radial profile of the electron density (b) in a plane y=constant for ideal
probing compared to the phase (c) and radial profile of the electron density (d) considering
all effects discussed.

The lineouts (Figure 5.18) show that the measured electron density is strongly influenced

by the propagation effect.
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(a) (b)

Figure 5.18: Horizontal (a) and vertical (b) lineout of the ideally probed plasma compared to the line-
outs of the plasma probed at real conditions.

For the combined effects the length of the channel can be approximated to

l = l′
cos(15◦)
cos(45◦)

= 1.37 · l′ (5.4)

and the electron density to

ne = n′e
cos(45◦)
cos(15◦)

= 0.73 ·n′e. (5.5)

Figure 5.19 shows the lineouts for the different probing conditions in comparison.

Treated as septate effects, the duration of the probe pulse (200 fs) and a probing angle

of 15◦ only slightly influence the shape of the distribution of the plasma density. While the

sinusoidal modulation of the plasma density with a wavelength of 80 µm is preserved very well

for probing at α = 15◦, it is strongly damped considering a probe pulse duration of 200fs. The

simultaneous propagation of main and probe pulse leads to a shift in position of the plasma

on the camera and the overall structure of the horizontal lineout is slightly obliterated. The

FWHM of the width of the channel is roughly the same for all the effects considered separately

as well as combined. If the effects discussed occur contemporaneously, the strong influence

of the propagation of the main beam on the amplitude of the electron density is counteracted

marginally.
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(a) (b)

Figure 5.19: Horizontal and vertical lineouts of the plasma density probed a different conditions: finite
duration τ of the probe pulse, simultaneous propagation of main and probe pulse and
probing at an angle α. The legend in (a) is also valid for (b).

Comparing the horizontal lineouts of the ideally probed plasma density and the plasma density

comprising all three effects a transformation factor ftrans can be found

ftrans =
ne(r)
n′e(r)

. (5.6)

This factor in the range of 50-800 µm and the corresponding densities are depicted in Figure

5.20. The transformation factor varies between about 0.75 and 1.25, i.e, it is lower than the es-

timated factor of cos(15◦)/cos(45◦) = 1.37. However, the deviation between the two lineouts

amounts to±25% and therefore, it is in the range of the expected deviation of 20% originating

from Abel inversion. Note that the temporal effect has not been considered in equations 5.4

and 5.5. Furthermore, it is only an approximation of the dimension of the inaccuracy as the

dependency of the transformation factor on the shape of the actual plasma density has not ben

considered.

All the effects discussed lead to systematic differences between actual and measured electron

density distribution. Moreover, the shape of the electron density distribution is preserved.

Therefore, it is possible to investigate the acceleration process.
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(a) (b)

Figure 5.20: The horizontal lineout of the plasma probed considering all three effects is shifted along
the z-axis so that its peak has the same z-position as the peak of the horizontal lineout
of the ideally probed plasma (a). Calculating the ratio ne:n′e the transformation factor is
yielded and visualized in the range of 50-800 µm (b).

5.2 Pointing and Divergence of the Electron Beam

Employing a movable aiming screen, the pointing of the electron beam can be determined.

In Figure 5.21(a) 20 shots onto an aiming screen are averaged and additionally, the centroid

of each of the shots is marked. The pointing of the electron bunches depends on parameters

such as the pointing of the laser pulse, the injection of the electrons into the wakefield and

fluctuations of the gas density. Figure 5.21(a) illustrates that the pointing varies over more than

100 mrad in x- as well as in y-direction. Figure 5.21(b) reveals information on the divergence

of an electron beam. The width of the plasma channel is in the order of few µm and the FWHM

width at the aiming screen in a distance of 330mm from the target amounts to 2.5mm in x-

direction which is the plane of dispersion. Assuming a channel width of 10 µm the divergence

of the electron bunch is 75mrad. The divergence of the electrons strongly depends on the

focusing effect of the wakefield on the electrons (section 2.2.5).
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(a) (b)

Figure 5.21: The pointing of 20 shots onto the aiming screen is averaged and depicted in (a). The cen-
troid of the average is situated at zero deviation in both directions. Moreover, the centroid
of each of the shots is marked. In (b) lineouts through the centroid of an electron pulse
on the aiming screen are depicted. The divergence of the electron bunch in x-direction
amounts to about 75 mrad.

5.3 Electron Spectra

The following electron spectrum has been recorded simultaneously to the electron density

distribution presented in section 5.1. Low (10− 55MeV) and high energy (60− 240MeV)

electrons were detected with separate screens. Due to different aperture settings of the CCD

cameras, the images of low and high energy screen had to be normalized to each other. Figure

5.22(a) shows the images of low and high energy screen. The low energy screen on the left

hand side of the image shows an intensity distribution mainly caused by single photon events

that can be connected to γ-rays due to Bremsstrahlung. However, at the high energy screen,

besides the single photon events, an electron bunch has been observed.

The energy of the electrons detected at the screens increases in z-direction. One column of

pixels at a constant value of z represents the same electron energy. Creating a histogram, the

image can be transformed into a graph of the intensity of the phosphorescence in dependence

on the electron energy (Figure 5.22(b)).
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(a)

(b)

Figure 5.22: The electron energy is measured at phosphorescent screens and depicted with CCD cam-
eras (a). By means of the histogram (b) the peak energy can be determined to (137± 3)
MeV and the FWHM to 12 MeV.

Thereby, the nonlinear dependency of the energy on the position on the screens is calibrated

employing the measured magnetic field40 of the spectrometer. At about 137±3MeV, the peak

of the spectrum with a FWHM of 12 MeV is situated. The inaccuracy of the electron energy

is given by the magnetic field inside the magnet yoke and the maximal angle of divergence of

the electron bunch determined by the slit at the entrance of the spectrometer which is situated

in a distance of 1 m from the target. Owing to this 2mm slit, electrons with a deviation of

more than 1mrad1 from the laser axis in x-direction were not detected.

5.4 Correlations

In the underlying measurement campaign, more than 1000 shots into a He gas target have

been recorded. In this scope, the gas pressure was varied to find an optimal electron density.

1Half opening angle.
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For each pressure value chosen, the pointing and divergence of the electron beam has been

recorded. Afterwards, the electron density has been probed at different times during the in-

teraction and simultaneously, the electron energy has been measured. For more than 40% of

the shots electrons have been detected in the spectrometer. Due to a 2mm slit perpendicular

to the plane of dispersion at the entrance of the spectrometer, it cannot be ruled out that fast

electrons were generated even if no electrons were incident at the phosphorescent screens. For

this reason, only shots where electrons have been detected in the spectrometer were included

into the data evaluation process.

The main pulse was focused into the leading edge of the gas jet. At early times during

the interaction, i.e., before the ionization front has reached the middle of the gas nozzle, the

maximal electron density is comparably low and varies strongly. Presumably, in this region

the peak intensity of the laser is maximal and is kept over several Rayleigh lengths owing to

self focusing. It can be assumed that a fraction of the free electrons is expelled into regions of

low laser intensity and the plasma wave becomes nonlinear, breaks and injects electrons into

the wakefield.

When the ionization front has passed the middle of the gas nozzle, the maximal electron

density is higher and varies less. Here, the laser pulse might become defocused so that the

ponderomotive force pushes less electrons away from the laser axis causing a maximal electron

density. The electron density in dependence on the position of the ionization front, or rather the

time during the interaction, is illustrated in Figure 5.23(a). The width of the electron density

distribution (Figure 5.23(b)) increases and varies more strongly the later the time during the

interaction. An increasing channel width might be explained by an increasing beam diameter

due to defocusing of the regions of the laser pulse where the angle of self focusing is not

sufficient to compensate the angle of diffraction. The more laser energy is deposited in the

plasma channel caused by the self focused part of the laser pulse, close to the axis of symmetry,

the less energy is available for ionization in the regions outside the plasma channel. Laser

wakefield acceleration is a strongly nonlinear process. Hence, a small change of parameters at

the beginning of the process causes a large difference of the result at the end of the interaction.

Therefore, strongly varying parameters at late times during the interaction have been expected.
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(a) (b)

Figure 5.23: Electron density and width of its distribution for different times during the interaction. The
further the ioniozation front has propagated the later during the interaction the plasma was
probed. The middle of the gas nozzle with a 3 mm diameter is situated at position = 0.

Following the approximation of the electron density gradient

dne

dz
≈

ne,max

∆L
(5.7)

it increases with increasing electron density and decreasing rise length. The gradient in de-

pendence on the maximal electron density and the rise length is illustrated in Figure 5.24.

(a) (b)

Figure 5.24: Gradient in dependence on the plasma density and the rise length.

For the latest times during the interaction the dependency of electron energy on the electron

density gradient has been determined. The electron energy is maximized for small widths and

high electron density gradients (Figure 5.25).
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Figure 5.25: Electron peak energy in dependence on the electron density gradient.

Considering that the electron density gradient is related to the shape of the main pulse (Fig-

ure 5.5), the relation between electron density gradient and energy is supported by previous

experiments. Leemans et al. investigated that the temporal shape of the laser pulse influences

the electron acceleration process. A steep rising edge and a slowly trailing one benefits the

acceleration process while in the reverse situation the yield of the process is decreased46.
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6 Summary

Within the scope of this diploma thesis, a new probe beam for the JETI-laser system has been

set up. A high temporal resolution is desired in order to investigate processes on short time

scales as thorough as possible. Therefore, dispersive effects have been minimized owing to

the employment of a mirror instead of a lens telescope. Furthermore, the pulse duration can

be measured using the integrated single shot autocorrelator. Hence, the possibility to install

chirped mirrors to reduce the pulse duration to its minimum limited by higher order dispersion

is given. Near and far field diagnostics allow the observation of possible beam displacements,

i.e, the probe beam can be adjusted to an accuracy in the sub-mrad regime. In combination

with the motorized mirrors of the delay stage, the displacement arising from the movement of

this delay stage can be compensated remotely with a PC.

The accuracy of optical probing has been analyzed via theoretical simulations. In these

simulations, the pulse duration of the probe pulse, the simultaneous propagation of main and

probe pulse and probing at an angle have been considered. The simultaneous propagation of

main and probe beam most strongly affects the measured electron density. Next to a shift of

the maximal electron density, a sinusoidal modulation with a wavelength larger than the longi-

tudinal dimension of the probe pulse cannot be resolved and the electron density has a smaller

amplitude. Combining these three effects, the propagation effect is slightly counteracted con-

cerning the amplitude of the electron density. As the overall shape of the electron density is

preserved, it is possible to investigate the acceleration process.

In an experiment in the field of laser wakefield acceleration, the probe beam has been ap-

plied successfully. Thereby, the plasma was examined. The electron densities of a plasma

originating from a helium gas jet have been calculated. Electron density and energy have been

measured simultaneously. Therefore, it was possible to investigate the correlation of the cor-

responding results. As a slit with a width of 2mm perpendicular to the plane of dispersion

was situated at the entrance of the electron spectrometer, not for every shot electrons could be
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detected at the phosphorescent screens although highly energetic electrons, i.e. electrons with

energies between 180 and 190 MeV, might have been generated. For this reason, only the data

of shots for which the electron energy could be quantified have been included in the data eval-

uation process. It could be observed that if high electron density gradients in laser direction

were present at late times during the interaction, high electron energies were achieved.

Laser wakefield acceleration is a highly nonlinear process. To stabilize the parameters of

the electron bunches, a thorough investigation of the process is required. Temporal and spatial

resolution play an important role for optical probing. It is possible to measure not only the

electron density but also gain a direct insight into the acceleration process. The magnetic field

structures have been studied by M. Kaluza et al.47 with an 80 fs probe pulse and a spatial

resolution of 10 and 30 µm in the transverse and laser direction, respectively. Employing the

same method but a probe pulse with a duration of 8 fs and a spatial resolution of 2µm A.

Buck, M. Nicolai et al.48 directly investigated the length of an electron bunch to 6± 2 fs.

Additionally, the plasma wave could be imaged. In further measurements at the JETI-laser

facility, the influence of the electron density gradient as well as the width of the ionized area

will be investigated more thoroughly improving the temporal resolution. For small structures

to be resolved, such as the plasma wave which is in the order of 10µm, corresponding to 30 fs,

the probe pulse should have a duration of maximal 10 fs. To improve the temporal resolution

of the JETI-probe pulse, its spectrum will be broadened applying a gas filled hollow fiber.
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Appendices

A Labview-Program for pulse modulation in a Uniform

Plasma Wave

B Calculation of the Pulse Duration

To calculate the pulse duration Lab2 was used. Fouriertransforming the spectrum gives the

intensity of the pulse in dependence on the time

I(t) =
1

2π

∫
∞

−∞

exp{−iωt}dω.

The FWHM pulse duration can be obtained from that.
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Labview-program to calculate the FWHM pulse duration for a given spectrum.

To account for the dispersive media in the beam path the phase

∆φ(ω) =
ω

c
η(ω)z (.1)

induced by the frequency dependent index of refraction is used. Taylor expansion yields
1
n!φ

(n)(ω0) for the material coefficients causing dispersion (see section 2.1.1). In Lab2 these

are calculated using49

φ
(n)|ω0 =

z
c
[n

∂(n−1)η

∂ω
|ω0 +ω0

∂(n)η

∂ω
|ω0]. (.2)

By means of the Sellmeier equation

η(λ)2 = 1+∑
j

Bjλ
2

λ2−λ2
j

(.3)

where λj and Bj are material specific constants the refractive index is calculated.

Labview-program to calculate the FWHM pulse duration for a spectrum affected by dispersion.

C Labview-Program to evaluate the accuracy of optical

plasma probing

To investigate the accuracy of optical plasma probing a three-dimensional radially symmetric

electron density was generated. Subsequently, the propagation effect and the angular effect

can be simulated optionally while phase accumulation is mandatory. Finally, the duration of
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the probe pulse can be included in the calculation. The effects can be examined separately or

in combination. Nevertheless, the order of the processes is defined as depicted in the following

Figure.

generation
of a 3-D

electron density

propagation
effect

angular
effect

phase
accumulation

temporal
effect

Scheme of the simulation to evaluate the accuracy of optical plasma probing. The mandatory steps are
marked green and the optional ones black.

Multiplying a two-dimensional Gaussian distribution with a modulated z-profile a three-

dimensional electron density was generated:

Generation of a radially symmetric three-dimensional electron density.

To simulate the simultaneous propagation of main and probe beam, the inner part of the

planes yi has been skewed by shifting the lines xjk in z-direction. As only the inner part of the

image comprises the plasma only the lines for j=51...150 are shifted by k=j-50 px.

Simulation of the propagation effect.
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The rotation of the plasma is realized by rotating each plane zi by 15◦. Up to this junction

the output is three-dimensional.

Simulation of the angular effect.

Summarizing along each array yi,j=constant the electron density is accumulated, i.e. the

two-dimensional accumulated electron density distribution is generated.

Phase accumulation.

If the accumulated electron density is averaged over n pictures consecutively shifted by one

pixel in propagation direction the finite duration of the probe pulse can be accounted for. n

depends on the image scale and the pulse duration τ

n =
τ

imagescale
.

Simulation of the temporal effect.
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beantworteten Fragen.
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