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Abstract
Electronic dynamics in molecules and atoms takes place on the attosecond timescale.
For the observation of such processes, measurement techniques with attosecond res-
olution are needed. High-harmonic generation (HHG) in gas medium provides an
ultrashort light source on the attosecond timescale for observing, understanding and
controlling light-induced process on this scale with the necessary time resolution. To
be able to use these attosecond pluses to measure electron dynamics, they have to be
characterized. For this characterization, the XUV spectrum is extremely important.
The XUV spectrum not only contains the information about the photon energies
of the pulses, but also temporal information such as the difference between a single
isolated attosecond pulse or an attosecond pulse train.

The Light Wave Synthesizer 20 generates intense femtosecond pulses with a peak
power of 16 TW and a spectrum spanning over the region from 580 to 1000 nm.
This allow one to generate attosecond pulses based on HHG in gas medium with
100 eV photon energy and up to 20 nJ pulse energy.

The generated attosecond pulses can be observed with a photodiode to measure the
energy, an XUV CCD used as a profiler and an XUV flat-field spectrometer. The
detector of the flat-field spectrometer is an XUV CCD which records the diffracted
beam from a grating. Hence, a certain pixel of the camera shows the intensity for
a certain range of photon energies. However, the calibration from pixel to energy
is not always fixed due to e.g. the alignment of the spectrometer. This pixel to
photon energy calibration can be done either by using the harmonic peaks in the
XUV spectra or theoretical analyses of the spectrometer structure. In this thesis,
both methods are investigated and the results are in good agreement. Due to the
analytical calibration has a lower error and faster to do, future measurements can
be evaluated with the analytical method.
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1 Introduction
All matter is made up by atoms. However, the ultrafast motion of the elementary
particles forming the atom, for instance the motions of electrons, are still not com-
pletely understood. To observe these motions, scientists need ultrafast tools much
beyond natural senses.

The first laser was built in 1960[1]. Not so long after its invention, scientists rec-
ognized its promising potential for generating laser pulses with much shorter time
duration but much higher energy. Only after two years, Q-switching technique was
demonstrated by using electrically switched Kerr cell shutters in ruby lasers[2]. Soon
afterwards, the mode-locking technique was invented and pulses with picosecond du-
ration were created from dye lasers already in 1967[3, 4]. With the developing of
mode-locking and Q-switching technique, pulsed lasers on even shorter time scale
are built in succession. Later, optical pulses shorter than 10 fs have been achieved
by compressing the chirped ultrashort pulses from a colliding-pulse dye laser[5]. Ul-
timately, by using double-chirped mirror pairs at MIT and the University of Karl-
sruhe, the generated optical pulses are shorten down to 5 fs containing less then two
optical cycles[6].

Later on, the invention of the chirped pulse amplification (CPA) technique in mid-
1980s allowed the construction of the amplifiers which can generate few femtosecond
laser pulses with the intensity in the order of 1012 W/cm2 to 1015 W/cm2[7]. The
interaction of high intensity laser light with material led to the discovery of new
phenomena such as above-threshold-ionization and multiple-ionization. High-order
harmonic generation which leads to emission of XUV pulses down to attosecond
time scale requires an intensity in the order of 1014 W/cm2[8]. The invention of
ultrashort high energy pulses not only led the discovery of new phenomena, but
also created new fields of science, for instance high-order harmonic generation and
attosecond physics.

Ultrashort laser pulses are the perfect tool to study ultrafast dynamics of atoms
and molecules. For example, vibration of molecules, breaking and forming chemical
bones take place on a timescale of a few femtoseconds to a few thousand femtosec-
onds, but when it comes to electron dynamics, they tend to occur on an attosecond
time-scale[9]. A good example is that the orbital period of an electron in hydrogen
is 152 attoseconds[10]. XUV pulses, with time durations on the attosecond time
scale, allow us to observe the structure and dynamics of the atoms and electrons,
therefore give human a chance to have a better understanding of the world around
us[11].
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2 The Light Wave Synthesizer (LWS-20)
The Light Wave Synthesizer 20 (LWS-20) system is an optical parametric synthe-
sizer and produces high energy laser pulses with a peak power of 16 TW and a
duration of sub-5 femtoseconds.

The LWS-20 system consists of several sections: the oscillator, the seed arm, the
stretcher, the pump arm, the main amplifier system, and the compressor.

The system starts with a titanium-doped sapphire oscillator (Rainbow HP, Fem-
tolasers) which produces fourier-transform-limited pulses of 7.8 fs in time duration
with a broad bandwidth. Those pulses are split into two arms according to a ratio
of 60:40, referring to the seed arm and pump arm[12].

The seed arm (60% of the oscillator) is pre-amplified by a 9-pass CPA stage which
increases the pulse energy (∼ 1 mJ) but narrows the bandwidth due to gain nar-
rowing of the amplification medium (Ti:sapphire). After the CPA stage the pulse
duration is 20 fs. To achieve a super-continuum, the pulses are then sent into a
neon-filled hollow-core fiber (HCF). After the HCF, a broad spectrum with a band-
width supporting sub-4 fs and a pulse energy around 350 µJ is obtained due to the
self-phase modulation effect. The HCF is followed by a cross-polarized wave gener-
ation to increase the pulse contrast.

The next section is the grism stretcher coupled with a Dazzler, the grism stretcher
provides negative dispersion to the pulses while the Dazzler is a programmable
acousto-optic modulator which can compensate high-order dispersion to modify the
temporal shape of the pulse at the end of LWS-20. The pulse transmitted through
the stretcher section has a broad spectrum with a bandwidth extending from 580
to 1000 nm, a duration of 70 ps and its phase can be set with the Dazzler in a way
that the pulses can be compressed by bulk material[12].

40% of the oscillator output (pump arm) are sent through a photonic-crystal fiber to
shift the spectrum to longer wavelengths. Afterwards a 10 nm filter selects the useful
wavelength range centered at 1064 nm. The pulses are first pre-amplified in a fiber
amplifier, then amplified in a diode-pumped regenerative amplifier. The output of
this one is then split into two arms. Both arms consist of one double-pass amplifier
and two single-pass amplifiers, all using Nd:YAG crystal rods and pumped through
flash-lambs at a repetition rate of 10 Hz. After amplification, both arms reach
an energy of approximately 1 J. Further on, one of the arms is frequency doubled
and the other one is frequency tripled using LBO crystals. The pulse energies are
530 mJ at 532 nm and 350 mJ at 355 nm after eliminating the fundamental laser[12].

The next section is the main amplifier system. It contains of four non-collinear
optical parametric chirped pulse amplification stages: two pre-amplifier and two
high-energy amplifiers. Both pairs are pumped with 2ω for one and 3ω for the
other. The 2ω pump amplifiers the long wavelength range (700-1000 nm) while the
3ω pump amplifiers the short range (580-700 nm). Thus the name optical para-
metric synthesizer. For each stage,the pump beam is first split into two arms by a
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beamsplitter, then the pump beams are imaged to BBO crystal. Each pump arm
has its own delay stage to make sure a temporal overlap between the pump pulses
and the seed pulse[13]. The energy achieved after all four stages can reach over 100
mJ[12].

After the amplification, the seed is ready to be compressed to become an ultrashort
intense pulse. Most of the compression is done by anti-reflection-coated bulk mate-
rial, the final compression is then done with four chirped mirrors inside a vacuum
chamber to suppress nonlinearities from material. The bulk material provides a
high transmission over a large bandwidth, but one need to notice that the beam
diameter should be expanded to 120 mm when passing through the bulk material to
reduce nonlinear effects during propagation[14]. After the bulk material the beam
is re-sized again to 50mm in diameter and sent to an adaptive mirror to correct
wavefront aberrations. The reflected beam from the adaptive mirror is finally sent
to a vacuum chamber for the final compression by the 4 chirped mirrors.

After compression, the beam is ready to be sent into experimental vacuum chambers
to perform different experiments.

The whole setup can be seen in Fig 2.1[12].

Figure 2.1: Diagram of the LWS-20 laser setup.
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3 Theory
In this chapter the theory which will be used in the rest of the thesis is explained.
This will be in particular the theory of high-harmonic generation, including the
3-step model and phase matching as well as the theory of diffraction grating and
spectrometers.

3.1 High-harmonic generation
High-harmonic generation (HHG) was discovered when scientists tried to detect flu-
orescence of noble gases interacting with intense laser fields. When focusing intense
ultrashort laser pulses to a small cell or jet of gas, one will get nonlinear response
from the atoms, which generates the high-order harmonics[15].
The HHG spectra has a sharp drop in the first few harmonics, then followed by a
flat region which is called plateau, and finally drops rapidly at the cutoff region.

3.2 3-step model
To have a better understanding the theory of HHG, a 3-step model based on the
strong-field approximation can be used[16]. Since the laser electric field is compa-
rable with the Coulomb potential within the atom, when the electric field approach
the atom, the Coulomb energy barrier will be suppressed by the laser electric field,
which allows valence electrons to tunnel through the energy barrier and leave the
parent ion. Afterwards the electron will follow the electric force of the laser field and
perform the classical oscillation motion, due to this oscillation the electron comes
back to the place of its parent ion, where it has the chance to recombine. When the
electron recombines with the parent ion, the additional energy which contains the
ionization energy and the kinetic energy the electron obtained in the electric field of
the laser will be released as a high energy photon.

3.2.1 Mathematical description

The electric field can be expressed by E = E0cos(ωt), where E0 is the peak intensity
and ω is the central frequency of the driving laser. Assuming the electron is released
at time t0 and position x = 0 with zero initial velocity, the electron will be accelerated
afterwards by the electric force. Following the classic Newton equation, the position
and the velocity of the electron at any time t(t > t0) can be obtained as:

mẍ = eE0cosωt, (1)

v = ẋ =
eE0

mω
sin(ωt)− eE0

mω
sin(ωt0). (2)

x =
eE0

mω2
[cos(ωt0)− cos(ωt)]− (t− t0)

eE0

mω
sin(ωt0) (3)

Fig 3.1 shows the trajectories of electrons released from the atom at different times.
The unit of the time scale T is the period of the electric field. The calculated
trajectories show that electrons released at t = 0− 0.25T have certain possibility to
re-collide with the ion, while electrons released at t = 0.25T −0.5T will wiggle away.

7



Department of Physics
Umeå University 3. THEORY

In the same manner, electrons freed at t = 0.5T − 0.75T will also return, but those
freed at t = 0.75 T − 1T will not.
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Figure 3.1: Electron trajectories of electrons released at 0 - 0.5T .

If a electron recombines with the parent ion successfully, the electron will release it’s
kinetic energy and binding energy as a photon. The kinetic energy of the electrons
can be obtained by:

Ek =
1

2
mv2 =

e2E2
0

2mω2
[sin(ωt)− sin(ωt0)]

2 (4)

For each electron ionized at any t0 between 0 − 0.25T , the recombination time
tf (t > t0) can be calculated simply by solving the equation

x ∝ cos(ωtf )− cos(ωt0) + ωsin(ωt0)(tf − t0) = 0, (5)

hence for each t0, there’s a unique recombination time tf and kinetic energy Ek

corresponding to it.
Knowing this, the emitted photon energy of the emitted radiation is:

E = IP + Ek (6)

= IP +
e2E2

0

2mω2
[sin(ωtf )− sin(ωt0)]

2 (7)

= Ip + 2Up[sin(ωtf )− sin(ωt0)]
2 (8)

where Ip is the ionization energy of the atom (for stable noble gases, it varies from
12− 25 eV [17]), and Up is the ponderomotive energy, defined as:

Up =
e2E2

0

4mω2
, (9)

which is the cycle-averaged ”quiver energy” of an electron in the electric field[18].

Fig 3.2 depicts the kinetic energy as a function of recombination time (normalized
to the period of the electric field). The largest kinetic energy is found for t0 = 0.05T
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and tf = 0.7T , where t0 and tf are the time of ionization and re-collision respectively.
The maximal cutoff energy for this case is Ecutoff = 3.17Up. Electrons re-collide with
the ion before this time perform a short trajectory in the electric field, while the
electrons which come back later took a long trajectory. For one kinetic energy, it
is clearly shown that there are one short and one long trajectory which can lead to
that energy.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Recombination time [T]

0

0.5

1

1.5

2

2.5

3

3.5

E
le

c
tr

o
n

 E
n

e
rg

y
[U

p
]

S
ho

rt L
ong

Cutoff

Figure 3.2: Electron kinetic energy as a function of recombination time.

The chirp of a pulse is defined as the slope of the frequency variation as a function
of time[19]. For short trajectories, high energy photons are emitted later than the
low energy ones. So, the pulse is positively chirped (frequency increasing with time).
For the electrons which take a long trajectory it is just the opposite, and the pulse
is then negatively chirped.

This 3-step process can take place in each half cycle of the laser pulse as long as
the electric field of the half cycle is strong enough to allow tunnel ionization. So, an
XUV pulse is produced every half cycle of the driving laser. Hence, the spectrum
of the XUV always have a 2w separation between the harmonics[19]. Furthermore,
the measured XUV spectra show clearly odd harmonics due to the interference of
the pulses that have opposite signs of their electric fields. Only the odd harmonics
are generated due to the symmetry of the atom and the electric field[10].

3.3 Phase matching
The 3-step model describes the response of a single atom interacting with the elec-
tric field of the laser. In this case only one photon is emitted. So the intensity of
the emitted field is much too low for experimental needs.

In real experiments, the driving laser interacts with a great number of atoms at
the same time. To maximize the XUV flux, the radiation of the photons generated
from different ions should interfere constructively, in other words, the phase velocity
of the fundamental and the XUV pulses should be so close that the constructive
interference is guaranteed throughout the whole interaction length.

9



Department of Physics
Umeå University 3. THEORY

Since the phase velocity is defined as

vp =
ω

k
=

c

n
, (10)

where c is the speed of light and n is the refractive index. Furthermore, the wave
vector of the driving laser and the qth order harmonic can be calculated as

kf =
ω

vpf
kq =

qω

vpq
(11)

Hence, the wave vector difference between the fundamental and the generated XUV
for harmonic order q can be expressed as:

∆k = qkf − kq =
qω

c
(nf − nq), (12)

Practical the generated XUV flux propagates in a speed of light in the vacuum. On
the other hand, the driving laser interacts both with the gas and the plasma. The
gas medium contributes a normal dispersion to the fundamental while the plasma
has an anomalous dispersion. In order to achieve a phase velocity comparable to
the XUV, a certain ionization level is needed. This also limits the intensity of the
laser. So, to achieve a proper ionization level, the focal size of the beam has to be
chosen in a way to achieve the right level of laser intensity.

Other sources of phase mismatching are the effect of the focusing geometry on the
fundamental, and the dipole phase. The former is an additional phase shift occur-
ring in the propagation of the beam[20], which can be neglect in our case due to a
long Rayleigh length in our setup, while the latter is the accumulated phase during
propagation, which is proportional to the intensity gradient of the driving field and
can also be compensated by the plasma dispersion [21].

The crucial factors for phase matching and so for the yield of the XUV pulses are
the gas pressure of the medium, the driving laser intensity and the position of the
focus corresponding to the gas source. Before each experiment, these parameters
should be optimized to obtain the optimal yield of HHG. Bad phase matching can
lower the HHG yield by orders of magnitude. Hence, good phase matching is very
important.

3.4 Diffraction grating
A diffraction grating is a collection of reflecting (or transmitting) elements separated
by a distance comparable to the wavelength of incident light[22].

When a parallel monochromatic light is incident on the grating surface, it is diffracted
in different directions. Fig 3.3(a) shows a beam incident on a grating which has a
groove spacing d, the incident angle is α, and the normal of the grating is indicated
by the black dashed line. The beam is diffracted with different angles β. The sign
for these orders depends on whether the diffracted light is on the same side or the
opposite side of the incident light as shown in the figure. The diffracted light has
many orders corresponding to n = −3,−2,−1, 0, 1, 2, 3, etc. Fig 3.3(a) only contains
diffraction orders of -1,0 and 1.
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Figure 3.3: (a) An incident beam is diffracted by a reflective diffraction grating
into different directions. The black dashed line is the grating normal, the signs of
diffracted orders is defined by whether the diffracted beam is on the same side of
the incident beam or not. (b) Illustration of optical path difference between beam
2 (red dashed line) and beam 1 (red solid line).

Considering two incident beams of wavelength λ and their same order diffracted
beams as shown in Fig 3.3(b), the optical path difference (OPD) between beam 2
and beam 1 is ∆OPD = d(sinα − sinβ), only when the OPD equals to integral
times of the wavelength will lead to constructive interference. Therefore the grating
equation is given by:

sinα− sinβ =
nλ

d
(13)

where α and β is the incident angle and diffracted angle, respectively. The special
case n = 0 leads to the law of reflection β = α.

3.5 Spectrometers
The measurements of the spectrum of the generated XUV pulses can be done by
either a wavelength-dispersive or an energy-dispersive spectrometer. Both spectrom-
eters offer an information about intensity variation with respect to either wavelength
or photon energy. In the following sections, the working principles of both of them
are simply introduced.

3.5.1 Wavelength-dispersive spectrometer

Inside the wavelength-dispersive spectrometer, the diffraction of XUV with different
wavelength is usually achieved by a diffraction grating. Other then the grating, crys-
tals who has lattice spacing structure can also be substituted for separating different
wavelength components[23].

To take a image of the XUV, we use a XUV CCD camera. The type of sensor used
is the charge coupled device (CCD).
The CCD is consisted of regular arranged metal oxide semiconductor (MOC) capac-
ities. When an incident photon is absorbed within the silicon of the MOC capacity,
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electron-hole pairs are produced, the number of electron-hole pairs is proportional
to the energy and intensity of the incident photon. Under applied electric field,
the electrons are trapped and transferred to neighbor capacity by the control cir-
cuit. The last capacitor in the array drops the charge into a charge amplifier, which
converts the charge into a voltage. In this way the charges in each MOC can be
measured and digitized in further process.

3.5.2 Energy dispersive spectrometer

The key component of an energy dispersive spectrometer (EDS) system is a sensitive
x-ray detector (usually based on semiconductors) which needs to be cooled to avoid
background signal from thermal noise and a[24].

In the semiconductor detector, the crystal absorbs the X-ray photon energy then
the electron hole pairs are created. The number of freed electrons is proportional to
the absorbed X-ray photon energy. Under applied bias on the crystal, the electrons
drift towards the detector while the holes go to the opposite direction. On the end
of the crystal sits a field-effect transistor (FET) which converts the electric charge
to a voltage signals.[25] The signal is then sent to a multi-channel analyzer where
the signals are sorted by voltage[26].
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4 Experiment setup
A sketch of the HHG setup is shown in Fig 4.1. The compressed beam from the
LWS-20 (see Chapter 2) is sent upwards first, then horizontally and downwards to
the focusing chamber.

LWS‐20

Focusing 
Chamber

Turning
Chamber

XUV
Generation
Chamber

Experimental
Chamber

11m

9m 14m

Figure 4.1: High-harmonic generation experimental setup for 22m focusing geometry.

4.1 Focusing Chamber & Turning Chamber
There are three mirrors located in the focusing chamber, two flat mirror and one 22
m focal length mirror. The focusing mirror can be adjusted by a remote control to
align the beam to the center of the mirrors in the turning chamber.

Reflected and focused by the focusing mirror, the beam is then sent into the turning
chamber where it has about 25 mm diameter and it is sent back to the opposite di-
rection. Both mirrors in this chamber are flat mirrors too. The last is also motorized
in order to align the beam to the reference position in the experimental chamber.
Furthermore, a setup to measure the laser pulse duration can be inserted after the
last mirror in the turning chamber. This is needed to ensure a good compression on
the HHG target.

4.2 Generation Chamber
After propagating for another 9 m the beam reaches the generation chamber. A
photograph of the inside of this chamber can be seen in Fig 4.2.

In the generation chamber, the driving laser interacts with the gas sample which is
provided either by a gas nozzle or a gas cell. As shown in Fig 4.2, the gas nozzle and
the gas cell are mounted on a movable stage which allows us to switch between them
as needed. The gas nozzle has an exit diameter of 1.5 mm, providing a homogeneous
and dense gas flow. Regarding the gas cells, fixed length of 5 cm, 10 cm, 20 cm and 30
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cm with a variety of entrance and exit diameters between 1 and 3.5 mm is available.
To align the cell properly, two X-Y stages are installed to transversely align both
the entrance and the exit[12].

Gas 
nozzle

Gas 
cell

Switching 
Stage

X-Y 
Stage

X-Y 
Stage

Alignment 
Iris

Incoming 
beam

Figure 4.2: Photograph of generation chamber.

The focal length of the HHG experiment is designed to be 22 meters. To measure
and optimize the focus, a flip mirror in the generation chamber can send the beam
to a beam profile camera which sits outside of the chamber. The camera is aligned
in such way that the image plan of it corresponds to the position of the gas nozzle
or a cell, which are in the focus.

The first feedback loop of the adaptive mirror which was mentioned in Chapter
2 corrects just the aberrations of the LWS-20 laser system but not the ones of the
optics inside the vacuum beam lines. Therefore those aberrations can be measured at
the generation chamber and an additional correction can be made with the adaptive
mirror (second feedback). With this system the laser beam can be focused close to
the diffraction limit.

4.3 Experimental chamber
After the driving laser interacted with gas, XUV is generated. The generated XUV
propagates together with the fundamental to the experimental chamber where the
laser is removed by XUV filters. Since the fundamental diverges more then the
XUV during propagation, so the distance between the generation chamber and the
experimental chamber is designed to be long to protect the XUV filters in the ex-
perimental chamber.

The filter mounts are installed at the entrance of the experimental chamber. Al, Zr,
Si and Pd filters are mounted on both of the motorized filter wheels as shown in
Fig 4.3 (a). The filters are chosen depending on which part of the XUV spectrum is
needed during the experiment. The transmission curve for these filters can be seen
in Fig 4.3 (b).
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Figure 4.3: (a) Schematic of the experimental chamber. (b) Transmission curves for
100 nm thick Si, Al, Zr and Pd filters, the experiment data is found on[27].

Following the beam line, the next part is a translation stage which can send the
XUV beam to different detectors to characterize it. On the translation stage, two
gold coated mirrors and an XUV photodiode are mounted. The mirrors are used to
reflect the beam to the XUV spectrometer and the XUV CCD camera to measure
the spectrum and beam profile, respectively.

The XUV spectrometer is mounted on the experimental chamber as shown in Fig
4.4. The grating unit consists of a grating and 3 motors. One to move the grating
for desired height, one for focusing and one to rotate the grating. It is mounted to
the 0th-order block then inserted into the housing of grating position unit. After
that a 23 degrees adapter is installed. Following the adapter comes a spacer, then
the camera part.

Spacer

Adapter Grating 
Position 

Unit

0-order 
block

XUV
CCD

Camera

Millimeter

Scale

Camera

Mount

Figure 4.4: XUV spectrometer setup in detail.

The XUV camera needs a special mount to connect it to the spectrometer. This
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mount consists of two plates, from which one is fixed to the spectrometer while the
other one is connect to the camera. The plate which is connected to the camera
can be shifted against the other one to change the position of the camera, in other
words to choose the desired spectral range. To have an indication for the camera
position (spectral range) at the moment, there is a millimeter scale on the side
of the plates. The center position of the camera corresponding to a pointing of 0
mm on the millimeter scale and an energy range approximately from 35 to 60 eV[28].

The grating is an unequally spaced curved-groove laminar-type replica grating which
has a groove density of 1200 grooves/mm. Also a 2400 grooves/mm grating can be
used which gives better spectra resolution, but unfortunately much less signal. The
grating allows focusing all wavelengths onto a flat-field rather than a circle, therefore
a planar detector such as a CCD-camera can be used in the focal plane. Meanwhile,
such grating can image different wavelength component on the detector without
compromising the imaging quality[28]. The camera used for the spectrometer is an
Andor Newton 920 series which has 256 ∗ 1024 pixel with 26*26 µm pixel size[29].
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5 Method (Spectrometer Calibration)
To extract information from the measured XUV spectra, a pixel to photon energy
calibration is needed. There are generally two ways for the analyses. One uses the
properties of the spacing between the HHG spectral lines (odd harmonics), whereas
the other one uses the grating equation and the geometry of the spectrometer. In
this chapter both methods will be described, while in chapter 6, these methods will
be applied to measure spectra and compare them with each other.

5.1 XUV spectral calibration
Fig 5.1 shown three XUV spectra from HHG in Neon gas with a binning of 2*2.
Fig 5.1(a) is a full spectrum when three 150 nm thick Zr filters are used, while in
Fig 5.1(b) one filter is exchanged with a 500 nm thick Si filter. Fig 5.1(c) shows the
case that one Zr filter is exchanged with an Al filter. In the following text, the Y
axis of the spectrum will be referred to as the imaging axis while the X axis will be
referred to as the energy axis.

Pixel

Pi
xe

l

(a) (b) (c)

Figure 5.1: An XUV spectrum image filtered by (a) 3 Zr filters, (b) a Si and 2 Zr
filters, (c) an Al and 2 Zr filters.(All data obtained on 2018-05-08).

Clear harmonics are visible in these spectra. As discussed in chapter 3, a grating can
have several orders of diffraction. This can be seen in the spectrum of Fig 5.1(a),
before pixel 350, the spectrum comes from the first order diffracted light, while after
around pixel 350 the second order appears. In Fig 5.1(b) and Fig 5.1(c), two clear
cuts are visible which correspond to photon energies of 100 eV (cutting energy of
silicon filter) and 73 eV (cutting energy of aluminum filter), these values will be later
used as absolute reference for the photon energy. Fig 5.1(b) and (c) also indicate
that the energy decreases along the energy axis.

5.1.1 Absolute calibration with filter cut

The absolute calibration with cutting pixel numbers of Al and Si filters are deter-
mined in the same manner. Hence, only the Si filter will be discussed in the following
description.

For each measurement, 100 spectral images using Si filter are taken. Each image
is first integrated over the imaging axis in Fig 5.1. This increases significantly the
signal-to-noise ratio compared to a single measurement and thereby increases the
accuracy of the following evaluation. Afterwards all 100 images are added together.
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In this way a clear increase of intensity at certain pixel number can be determined,
which exactly corresponds to the cutting energy of the Si filter. Fig 5.2 shows the
intensity distribution of a 100-shot sum raw image along the energy axis when the
XUV beam is filtered by an Si filter.

Figure 5.2: Intensity distribution of a 100-shot integrated raw image along the energy
axis when filtered by an Si filter. (Data from 2018-05-08).

The exact cutting pixel number is determined to be the pixel who is first bigger
than 30 % of the maximum intensity value. In the case of Fig 5.2, the cutting pixel
number of 100 eV is 212.

5.1.2 Relative calibration

For relative calibration, several spectra are needed. As shown in Fig 5.3, along
the imaging axis of an XUV spectra, intensities distribute differently in different
positions. For instance in Fig 5.3, the window from pixel 60 to pixel 85 has stronger
intensities than other areas. This is because the XUV beam is approximately 1 −
2 mm in diameter and therefore doesn’t illuminate the full imaging range of the
spectrometer (approximately 8 mm) homogeneously.
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(a) (b)

Figure 5.3: (a) One XUV spectral image. (b) A zoom in to the red dashed area of
(a). (Data form 2018-05-08)

For the following analysis the most intense part of the image was chosen and inte-
grated along the imaging axis. Fig 5.4 is an example of summing over the intensities
in the window from pixel 60 to 70. Clear peaks which correspond to odd harmonics
can be seen. In this way, the locations of the peaks can be easily obtained.

50 100 150 200 250 300 350 400 450 500
Pixel
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0.2

0.4

0.6

0.8

1(a) (b)

Figure 5.4: (a) One XUV spectral image. (b)The intensity distribution along energy
axis after summing over the region from pixel 60 to 70. (Data form 2018-05-08)

Due to the fact that not all peaks are needed for this evaluation, a range which gives
clear peaks can be selected. For instance in Fig 5.4(b), we choose peaks from pixel
145 to 350. This includes the high contrast peaks of the first order diffracted light.
In this case there are 16 peaks in total in this range. The pixel numbers of these 16
peaks are stored as a vector (one dimensional array) for further calculation.

In the same manner, 20 images with clearly identifiable peaks in this range are cho-
sen. The energy difference between two neighboring peaks is 3.3 eV, so we make an
initial guess of energies for all peaks with a 3.3 eV difference between them.

If we plot all the pixel numbers of 20 images (with their given energies) in one fig-
ure as shown in Fig 5.5, they have an offset from each other due to carrier-envelope
phase (CEP) fluctuation. So before calculating the mean pixel number of each peak,
we need to shift them horizontally.
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Figure 5.5: A plot of peaks with their given energy value (pixel 145 to 350) from 20
spectra. (Data form 2018-05-08)

The evaluation is independent of the selected reference, so we take the first of the
20 spectra as a reference and shift all the other 19 towards it. Therefore, a best
shift value is desired for each of the spectra. The shift range can be −10 to 10 pix-
els. Afterward, it’s divided into A certain number of linear spaced portions. When
shifting the second vector towards the reference one, the second vector itself should
be treated as a group, so all the 16 peaks should always shift the same distance for
every shift.

For each shift, the error is calculated as the sum of the squared difference between
the shifted vector and the reference vector:

Error =
n∑

i=1

(P2i + shift− P1i)
2, (14)

where P2i is an element of spectra 2, P1i is an element of spectra 1, and n is the
total number of peaks used for the analysis, in this case n=16. This error is then
calculated for all shifts and the shift with the smallest error is applied to spectra 2.

Applying the best shift to each vector, all the other 19 vectors are horizontal shifted
to vector 1. The final pixel number corresponding to each peak is the mean value
of all the 20 pixel numbers.

Now, after the pixel numbers of the peaks are settled, we need to correct the guessed
energy. There’s no way that we know the accurate energies of these peaks, so a de-
fault energy value has to be added as hypothesis like mentioned before. To correct
the energy of each peak, the absolute cutting pixel number of the filters are needed,
therefore the energy correction is basically a vertical shift.

Using the filter’s cutting pixel number and their corresponding energy, one can es-
timate the discrepancy energy between guessed value and actual energy. Fig 5.6
shows an example of how the energy is related to the pixel number after the energy
is corrected with the absolute values from the filters. Every mean pixel value is also
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plotted with their standard error. The absolute value of the filter’s cutting point is
shown as well.

Figure 5.6: Energy over position of the peaks in pixel with standard error after the
energy correction. (Data form 2018-05-08).

The standard error is calculated by

δe =
δ√
m

(15)

where δ is the standard deviation and m is the number of the spectra.

After the energy correction, the result is ready for the comparison with the analytical
calibration.

5.2 Analytical calibration
According to the manual of XUV spectrometer, a 1200 lines/mm grating is installed
to measure XUV pulses coming from a large distance. The gracing incidence angle in
which the XUV beam hits the grating has to be 5.6 degrees (84.4 degrees incidence
angle with respect to the normal of the grating), and the required adapter needs to
have an angle of 23 degrees see Fig 4.4[28].

Fig 5.7 shows the image plane of the grating on the XUV camera and corresponding
wavelength position.
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Figure 5.7: Focal position with different wavelength when the 1200 lines/mm grat-
ing is used at incident angle of 5.6 degree. Each blue point indicates a specific
wavelength. The distance and height is given with reference to the center point of
the grating. The gray line indicates the location of the detector surface (taken form
[28]).

The illustration of the XUV beam, grating and camera image plane is shown in Fig
5.8.

camera

grating

23O

normal

Incoming beam 

Figure 5.8: Illustration of the grating, incoming beam, diffracted beam and the
camera image plane. The red line indicates low photon energy diffracted light while
the blue one the high photon energy diffracted light.

Considering only the first order diffracted light (n = 1), the grating equation reduces
to

sinα− sinβ =
λ

d
(16)

where α and β are the incidence angle and diffraction angle respectively, and d is
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the spacing between two grooves of the grating as mentioned before.
The incidence angle α for all the wavelength is the same, which is calculated as

α = (90− 5.6)o = 84.4o, (17)

the diffraction angle of different wavelength (in nm) can be obtain by Eq 16, so

β = arcsin(sinα− λ

d
) = arcsin[sin(84.4o)− λnm

106/1200
]. (18)

Eq 18 indicates that the diffraction angle decrease monotonically with the wave-
length, so shorter wavelength (bigger diffracted angle) will diffract in lower position
of the camera plane, longer ones will diffract higher, this is also shown in Fig 5.7.

Let’s make things simpler by building a Cartesian coordinate system whose origin
sits in the center of the grating as shown in Fig 5.9, the camera plane is represented
by AB, and the effective length covered by the camera screen is CD, where C, D
are the start point and end point respectively.

0 x

y

23O

A

B

C

D

Figure 5.9: Cartesian coordinate system with the origin being in the center of the
grating, the red line indicates the diffracted light and the green line represents the
camera plane.

To calculate the exact x and y coordinates of the hitting point for a certain wave-
length, we need to solve the equation system made up by the image plane and the
diffracted light.

Let’s consider the image plane first. Fig 5.7 shows when the distance is 229 mm away
from the center of the grating, the height with respect to the center of the grating
is 95 mm. In other word, the point (229,95) can be used to calculate the intercept.
In the meantime, the slope is calculated to be tan(113°) due to the adapter, so the
formula for the image plane is

y1 = tan(113°) ∗ x+ 634.49, (19)
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To solve the formula for the diffracted light, we only need to know the diffracted
angle for a certain wavelength which can be calculated via Eq 18. So, the formula
for the diffracted light is

y2 = tan(180o − α− β) ∗ x, (20)

By solving Eq 19 & Eq 20 together, the exact x and y coordinates for a certain
wavelength can be calculated. Then we convert it to the position on the camera
plane. We use P to symbolize the position.

The total length of AB can be calculated as:

AB =
229

sin(23°)
+

95

cos(23°)
= 689.29 mm, (21)

Let’s define AB as the position axis by setting A as the origin, and B at 689.29 mm.
In this way, the calculated result from the Eq 19 & Eq 20 system can be converted
to the image plane scale by

P =
y

sin(67°)
(22)

By solving Eq 19, 20 and 22 together, position as a function of wavelength is

P =
−1623.90

tan[95.6° − arcsin(sin(84.4°)− 0.0012 ∗ λnm)]− tan(113°)
+ 748.81 (23)

In this way the position of 73 eV and 100 eV on the position axis AB can be calculated
by Eq 23 as:

P73eV = 85.63 mm (24)

P100eV = 79.08 mm (25)

In the same time, the side length of each pixel is a = 26 µm. The cutting pixel
number of the Al and Si filters (pixelAl and pixelSi) are know after the experiment.
Therefore we can covert the pixel number of 73 eV and 100 eV to millimeter scale.
We use b to symbolize the binning.

P ′
73eV = pixelAl ∗ b ∗ a (26)

P ′
100eV = pixelSi ∗ b ∗ a (27)

Eq 23 is only valid when the camera is aligned starting from point A, in the exper-
iment, the camera is always aligned in different position to measure desired wave-
length range. By comparing P73eV and P ′

73eV we can obtain a shift length for the
camera with respect to point A, the final shift length S is calculated by averaging
the shift lengths obtained from both filters.

Therefore the hitting positions for different wavelengths for the current camera po-
sition is:
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P ′ =
−1623.90

tan[95.6° − arcsin(sin(84.4°)− 0.0012 ∗ λnm)]− tan(113°)
+748.81−S (28)

We compare the calibration results of two calibration methods within the camera
cover range CD, therefore the actual camera start and end points are:

C = S (29)

D = S + 26.62, (30)

The difference of the two shifts obtained by the two filters can be used as an error
for the analytical calibration.

In this way, the energy variation as a function of position can be easily obtained
and ready to compare with the spectral calibration result which was done using the
harmonic peaks.
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6 Results

6.1 Spectra calibration result (Data form 2018-05-08)
The absolute filter cutting positions are important for both calibration methods. All
spectra are taken with a binning of 1 ∗ 1. Fig 6.1 (a) and (b) show the results of
summing over 100 raw XUV spectra filtered with Al filter and Si filter respectively.
Fig 6.1 (c) is the result after summing the intensities along the imaging axis. The
cutting pixel number is defined as the first pixel which is bigger than 30 % of the
maximum intensity. Al cuts at 73 eV and Si at 100 eV, which correspond respectively
to pixel 212 and 339.
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Figure 6.1: (a) Summed image of 100 single-shot Al-filtered XUV spectra. (b)
Summing image of 100 single-shot Si-filtered XUV spectra. (c) The intensity distri-
butions after summing over 100 Al-filtered spectra (red) and 100 Si-filtered spectra
(blue).

Fig 6.2 shows a clear spectrum and a line-out after summing intensities of the most
intense part from pixel 145− 350. This specific range was chosen because the peaks
in the HHG spectrum are clearly visible. There are 16 peaks in total. The exact
energy of each peak can not be know, however, an initial guess of the energy can be
applied to all of them.
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Figure 6.2: (a) One spectrum from pixel 145 − 350 in energy direction with the
intense part labeled. (b) The intensity distribution of summing over the window
from pixel 60 to 70 in imaging direction.

The energy separation between two neighboring harmonic peaks is twice as big as
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the mean fundamental photon energy (2 ∗ 1.65eV = 3.30eV ). As shown in Fig 6.1,
the left side of the spectra corresponds to high energy component.

As an initial assumption, the energy of the 16th peak was chosen to be 65 eV. Then
the 15th one is 65+1.65∗2 = 68.3 eV and so on. 20 spectra with clear peak locations
are chosen out of the 100 measured spectra. The energy variation of the peaks of
the 20 is shown in Fig 6.3(a).

For each peak, the peak locations obtained from the 20 spectra vary from each other.
The first spectra is set as reference, and a best horizontal shift is calculated for every
other one. After applying the best horizontal shift to each of them, the result of
energy variation for the 20 spectra is shown in Fig 6.3(b).
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Figure 6.3: (a) The energy variation of the peaks of the 20 spectra along the pixel
axis.(b) The energy variation of the peaks of the 20 spectra after a best horizontal
shift applied.

After the shift, the final peak location of each peak is calculated as the mean value
of the 20 elements. A standard error is also calculated for each of them. With the
help of the filter cutting positions, we can estimate the correction energy to be 5.95
eV for all the peaks.

Fig 6.4 shows the energy variation along the pixel axis before-(blue) and after-(pink)
the energy correction. The standard errors are also plotted.
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Figure 6.4: Energy variation along the pixel axis before-(blue) and after-(pink) the
energy correction.

A third order polynomial fitting is applied to the plot after the energy correction.
Calculated by the fitting function, the cutting pixel numbers of 73 eV and 100 eV
are 336.04 pixel and 214.98 pixel respectively. Therefore the errors of pixel cutting
numbers of spectral calibration are:

δSi = 339− 336.04 = 2.96 pixel (31)

δAl = 212− 214.98 = −2.98 pixel (32)

6.2 Analytical calibration result (Data form 2018-05-08)
In the analytical calibration, the wavelength range 1− 100 nm (1239.8 eV-12.4 eV)
is separated evenly into 1000 intervals, and their position on the image plane is
calculated by Eq 23.

First, the positions of 100 eV and 73 eV on the image plane with respect to point A
are

P73eV = 85.63 mm (33)

P100eV = 79.08 mm (34)

as mentioned in Section 5.1.3.

From the experiment, the cutting pixel numbers of the Si filter and the Al filter are
212 and 339, respectively. The used binning was 2*2. The cutting pixels converted
to millimeter scale are:

P ′
73eV = 339 ∗ 2 ∗ 0.026 = 17.63 mm, (35)

P ′
100eV = 212 ∗ 2 ∗ 0.026 = 11.02 mm. (36)

28



Department of Physics
Umeå University 6. RESULTS

Hence, the shift lengths obtained by the Si and Al filters are:

S73eV = 85.63− 17.63 = 68.00 mm, (37)

S100eV = 79.08− 11.02 = 68.06 mm. (38)

Therefore the average shift length is:

S = 68.03 mm. (39)

Applying S to Eq 28, the positions of diffracted beams for different wavelengths can
be calculated for current camera position. Due to our camera is 26.62 mm long,
we compare the calibration results of both methods within the camera cover range.
The start and end points (C and D) of the current camera position are:

C = 68.03 mm (40)

D = 68.03 + 26.62 = 94.65 mm (41)

We plot the change of the energy along the pixel axis within CD. A comparison of
the spectral calibration and the analytical calibration is shown below. Fig 6.5(a) is
the comparison of the whole camera range, while (b) is a zoom in of the selected
area which contains both calibration results.
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Figure 6.5: (a) Comparison of the spectral calibration and the analytical calibration
over the whole camera range. (b) Zoom in of red dashed area witch has the calibrated
results of both methods.

The error for Al filter cut is:

∆Al = (85.63− 68.03)/(0.026 ∗ 2)− 339 = −0.54 pixel. (42)

In the same manner, the error for Si filter cut is:

∆Si = (79.08− 68.03)/(0.026 ∗ 2)− 212 = 0.50 pixel. (43)
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6.3 Spectral calibration result (Data from 2018-11-05)
To confirm the reproducibility of the calibration, we analysis the spectra of a second
experiment. Only the grating is realigned after the experiment on 2018-05-08. This
also allows us to verify if the analytical calibration is always more accurate than the
spectral calibration.

In the same manner, the filters cutting pixel numbers are determined first. Fig 6.6
(a) and (b) are summed images of 100 XUV raw spectra filtered by Al and Si re-
spectively. Summed intensity of 100 spectra along the imaging axis is shown in Fig
6.6 (c). Al cut is at 73 eV and Si at 100 eV, which correspond to pixel 215 and 343
respectively. The filtered spectra are taken by the camera with a binning of 2 ∗ 2.
The unfiltered spectra are taken with a binning of 1 ∗ 1.
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Figure 6.6: (a) Summed image of 100 single-shot Al-filtered XUV spectra. (b)
Summed image of 100 single-shot Si-filtered XUV spectra. (c) The intensity distri-
butions after summing over 100 Al-filtered spectra (red) and 100 Si-filtered spectra
(blue).

Using the absolute filter cutting positions, the correction energy is estimated to be
4.6 eV for all the peaks. Fig 6.7 shows the energy variation along the pixel axis
before-(blue) and after-(pink) the energy correction, the standard errors are also
plotted.

(430;100)

(686;73)

Figure 6.7: Variation of the energy with pixel axis before and after the energy
correction.
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A third order polynomial fitting is applied to the plot after the energy correction.
Calculated by the fitting function, the cutting pixel numbers of 73 eV and 100 eV
are 340.06 pixel and 218.53 pixel, respectively. Therefore, the errors of the pixel
cutting numbers of the spectral calibration are:

δSi = 343− 340.06 = 2.94 pixel (44)

δAl = 215− 218.53 = −3.53 pixel (45)

6.4 Analytical calibration result (Data from 2018-11-05)
In the same manner, the positions of 100 eV and 73 eV on the image plane with
respect to point A are:

P73eV = 85.63 mm, (46)

P100eV = 79.08 mm, (47)

as mentioned in Section 5.1.3.
The cutting pixel number of the Si filter and the Al filter are 215 and 343, re-
spectively. The used binning was 2 ∗ 2. When the camera is centered, the cutting
positions converted into millimeter scale are:

P ′
73eV = 343 ∗ 2 ∗ 0.026 = 17.84 mm, (48)

P ′
100eV = 215 ∗ 2 ∗ 0.026 = 11.18 mm. (49)

So the shift lengths obtained by Si and Al filters are:

S73eV = 85.63− 17.84 = 67.79 mm, (50)

S100eV = 79.08− 11.18 = 67.90 mm. (51)

The average shift is:
S = 67.85 mm (52)

The shift length s is then applied to Eq 28, and the diffracted beams hit the current
camera position CD are selected. The start and end points (C and D) of the actual
camera position are:

C = 67.85 mm, (53)

D = 67.85 + 26.62 = 94.47 mm. (54)

A comparison of the both calibration results within CD is shown below. Fig 6.8(a)
shows the comparison of the whole camera range, while (b) shows a zoom into the
selected area which contains both calibration results.
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Figure 6.8: (a) Comparison of the spectral calibration and the analytical calibration
for the whole camera range. (b) Zoom into the red dashed area which has the
calibrated results of both methods.

The error of the Al filter cut is:

∆Al = (85.63− 67.85)/(0.026 ∗ 2)− 343 = −1.08 pixel. (55)

The error of the Si filter cut is:

∆Si = (79.08− 67.85)/(0.026 ∗ 2)− 215 = 0.96 pixel. (56)

During the two experiments, the grating was realigned, and the shift length we got
from two experiments is 68.03 and 67.85 mm respectively.

The difference of the shift length converts to pixel (binning is 2) is:

(68.03− 67.85)/(0.260 ∗ 2) = 3.46 pixel (57)

The energy difference of 3.46 pixel is estimated to be about 1 eV from experiment
experience, therefore if only the grating is realigned, a new calibration is not needed.
At the same time, if the camera is removed then mounted back, the error can be
manually controlled is about 0.5 mm, the energy difference in 0.5 mm is about 2.6
eV (current camera position), which is comparable with the energy between two
spectral peaks. Therefore if the camera position is removed to original position, a
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new calibration is needed.

Fig 6.9(a) shows the camera cover energy range when the camera is aligned centered
and shifted 25 mm upwards and downwards with respect to the central position.
the shift step is 5 mm. Fig 6.9(b) is the wavelength cover range when the camera is
shifted in the same manner.
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Figure 6.9: (a) The energy range and (b)wavelength range the camera covers when
the center of the camera is shifted with difference length with respect to the mil-
limeter scale, the shift step is 5mm.
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7 Summary and outlook
Form Fig 6.5 and Fig 6.8, it can be seen that the results of the two calibration
methods match each other well. Furthermore, those figures show that the analytical
calibration agrees better with the filters cutting positions. At the same time, the
filters cutting pixel errors for the analytical calibration are also smaller than that of
the other method. In other words, the analytical calibration is not only easier and
much faster to achieve, but also more accurate.

Due to the fact that the peak locations are tricky to obtain, the spectral calibration
takes normally longer time than the analytical one. In the future, with the help of
the filter’s cutting position, one can only do the analytical calibration to resolve the
energy of the XUV spectra in a shorter time.
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Source Data
This document contains a listing of the paths to the raw data, Matlab scripts and
figures used in this thesis.

Chapter 2
Figure 2.1: LWS-20 laser system.
-Path: /Xiuyu Wu/LWS20/LWS20.PNG

Chapter 3
Figure 3.1: Electron trajectories.
-Path: /XiuyuWu/Theory/ElectronTrajactory.m

Figure 3.2: Electron kinetic energy as a function of the recombination time.
-Path: /Xiuyu Wu/Theory/Ek vs RT/EkvsTo.m

Figure 3.3: Grating surface.
-Path: /Xiuyu Wu/Theory/grating surface.pdf

Chapter 4
Figure 4.1: HHG setup.
-Path: /Xiuyu Wu/Experimental Setup/Allsetup.pdf

Figure 4.2: Generation chamber.
-Path:/Xiuyu Wu/Experimental Setup/generation chamber.pdf

Figure 4.3 (a): Experimental chamber.
-Path: /XiuyuWu/ExperimentalSetup/Experimentalchamber.pdf

Figure 4.3 (b): Transmission curves of Si, Al, Zr and Pd filters.
-Path: /XiuyuWu/ExperimentalSetup/Transmissioncurve/TransmissionCurve.m

Figure 4.4: XUV spectrometer setup.
-Path:/XiuyuWu/ExperimentalSetup/XUVcamera.pdf
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Chapter 5
Fig 5.1 to Fig 5.6 are the results after analyzing spectra from “Group Data” server.
The data path is: Y:/ExpData/2018/2018 05 08 AS HHG/XUV/spectrum. The
spectra are saved to Spectra0508.mat file (/XiuyuWu/Result/1105/Spectra0508.mat).

Figure 5.1: An XUV spectra and two XUV spectra filtered by Si and Al filters.
-Path: /Xiuyu Wu/Method/SpectraCalibration.m

Figure 5.2: Intensity distribution of a 100-shot integrated image.
-Path: /Xiuyu Wu/Method/SpectraCalibration.m

Figure 5.3: One XUV spectrum image and a zoom in.
-Path: /Xiuyu Wu/Method/SpectraCalibration.m

Figure 5.4: One XUV spectrum image and the intensity distribution after summing
over pixel 60 to 70.
-Path: /Xiuyu Wu/Method/SpectraCalibration.m

Figure 5.5: Harmonic peaks from 20 spectra.
-Path: /Xiuyu Wu/Method/BeforeHozShift.m

Figure 5.6: Energy over position of the peaks in pixel after the energy correction.
-Path: /Xiuyu Wu/Method/AfterVShift.m

Figure 5.7: Focal position with different wavelength when the 1200 lines/mm grating
is used at incident angle of 5.6 degree.
-Path: /Xiuyu Wu/Method/grating.png

Figure 5.8: Illustration of the grating, incoming beam, diffracted beam and the
camera image plan.
-Path: /Xiuyu Wu/Method/AYCA.pdf

Figure 5.9: The Cartesian coordinate system.
-Path: /Xiuyu Wu/Method/CCS.pdf

Chapter 6
The following figures are the results after analyzing spectra from “Group Data”
server. The data path is: Y:/ExpData/2018/2018 05 08 AS HHG/XUV/spectrum.
The spectra are saved to Spectra0508.mat file (/XiuyuWu/Result/1105/Spectra0508.mat).

Figure 6.1: Summed image of Al-filtered and Si-filtered XUV spectra along with
their intensity distributions.
-Path: /Xiuyu Wu/Result/0508/Sum100Image0508.m
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Figure 6.2: One spectrum and intensity distribution of summing over 60 to 70 pixel
window.
-Path: /Xiuyu Wu/Result/0508/Lineout6070.m

Figure 6.3: Energy variation before and after horizontal shift.
-Path: (left)/Xiuyu Wu/Result/0508/BeforeHozShift.m

(right)/Xiuyu Wu/Result/0508/AfterHozShift.m

Figure 6.4: Energy variation before and after the energy correction.
-Path: /Xiuyu Wu/Result/0508/VerticalShift.m

Figure 6.5: Comparison of the results of both calibration methods.
-Path: /Xiuyu Wu/Result/0508/Comparison.m

The following figures are the results after analyzing spectra from “Group Data”
server. The data path is: Y:/ExpData/2018/2018 11 05 AS profile iris/HHG/spec-
trum. The spectra are saved to Spectra1105.mat file.

Figure 6.6: Summed image of Al-fltered and Si-filtered XUV spectra along with
their intensity distributions.
-Path: (left) /Xiuyu Wu/Result/1105/Sum100Spectra.m

(right)/Xiuyu Wu/Result/1105/CuttingPixel.m

Figure 6.7: Energy variation before and after energy correction.
-Path: /Xiuyu Wu/Result/1105/BeforeAfterVShift.m

Figure 6.8: Comparison of the results of both methods.
-Path: /Xiuyu Wu/Result/1105/Comparison.m

Figure 6.9: Camera cover energy and wavelength range for different camera posi-
tions.
-Path: /Xiuyu Wu/Result/eVandLambdaCover.m
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