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Part 1

Presentation



1. 1. Context

Chapter 1

Context

Free Electron Laser (FEL) can be used in single pass mode to generate intense and
short pulse duration in XUV domain. The common scheme is called Self-Amplified Sponta-
neous Emission (SASE) where the radiation starting from shot noise of the electron beam,
grows up along the undulator [Milton et al. 01]. This process produces short wavelengths
with high peak power and a good spatial mode. However, the temporal coherence of the
generated pulses is only partial and the intensity fluctuations are important, . Other
new scheme for single pass FEL are Coherent Harmonic Generation [Coisson et al. 82,
Prazeres et al. 88] and High Gain Harmonic Generation (HGHG) which are more compact
and can produce a VUV radiation with the same transverse coherence property as SASE
radiation but with fully temporally coherent pulses and small energy fluctuations and time
jitter [Yu 91, Ben-Zvi et al. 91] (figure I.1-1).

The FEL can generate and amplify harmonics of the fundamental radiation wavelength.
The possibility of using harmonics to operate the FEL at short wavelengths using a cascade
of undulators tuned at the fundamental and harmonics was considered by Bonifacio and his
group [Bonifacio et al. 90]. Yu and collaborators developed HGHG, an alternative method
of using both harmonics and high gain. In this configuration (figure 1.1-2), an external laser
source is seeded into a first undulator (modulator) where an energy modulation is imposed
on the electron beam by its interaction with the laser. This energy modulation is converted
into a spatial density modulation as the electron beam crosses a dispersive section.

The microbunched electron beam coherently emits at the n* harmonic of the laser fun-
damental frequency. The tuning of the second undulator (radiator) selects the amplified
harmonic. The properties of the output radiation are determined by the seed laser which
can have a high degree of temporal coherence. Seeded FEL amplifier operation in combi-

nation with harmonic generation has been demonstrated experimentally in the mid-infrared
and VUV domain [Yu et al. 00, Yu et al. 03].
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Figure 1.1-2 : FExperimental layout for HGHG configuration

A way to reach shorter wavelengths is to use a seed laser in VUV domain. Development in
femtosecond laser technology have made possible to imagine new coherent short wavelength
sources. One of these sources, called High Order Harmonics Generation (HOHG), is based
on the interaction between the laser beam and a gas target. It has been proposed to use

HOHG as seed to inject an undulator, either in the amplifier or in the HGHG configuration




1. 1. Context

[Garzella et al. 04, Couprie et al. 04]. HOHG seem to be a very good candidate to seed
FEL cascade, to extend the operating wavelength of FELs down to sub nm. The SPARC
configuration will allow the study in HGHG configuration of the problems related to the
injection of an external radiation seed in a single pass FEL and the analysis of the coupling

efficiency of the electron-photon beams in terms of the input parameters [Giannessi L. 05a].
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Chapter 2
High Order Harmonic Generation

High Order Harmonics are emitted when a Terawatt laser pulse is focused into a gas
target. This phenomena was first observed in 1987 [Ferray et al. 88, McPherson et al. 87].
The typical intensity needed for high order harmonics to appear in the rare gases is of
the order of 103 — 10W/cm?, where substantial ionization of the gas occurs. Inside
the gas medium the intense laser non-linearly interacts with the ionizing gas. This non-
linear interaction leads to the creation of new frequencies and, after the gas medium, one
can observe odd high order harmonics of the fundamental frequency co-propagating with
the fundamental laser beam. Figure [.2-1 shows a typical harmonic spectrum : a serie
of odd harmonics of equal strength in the plateau and a rapid decrease in energy at cut
-off energy, the conversion efficiency varies in the range 10~* — 1077. Plateau can ex-
tend up to very high orders producing highly energetic photon in the extreme ultraviolet
and soft X-ray range. Presently, harmonic radiation in the water windows [4-2.3 nm] has
been produced [Chang et al. 97, Spielmann et al. 97]. In addition, harmonic radiation pre-
serve the desirable properties of the laser beam, it has a good spatial and temporal coher-
ence [Le Déroff et al. 98, Ditmire et al. 96, Bellini et al. 98, Lynga et al. 99|, it is direc-
tional [Tisch et al. 91, Peatross et al. 95, Salieres et al. 94] and intense [Hergott et al. 02,
Takahashi et al. 02].

High order harmonic generation is now understood theoretically and quantum calcula-
tion (resolution of the time dependent Schrodinger equation, TDSE) [Eberly J. et al. 89,
Kulander et al. 93a] or even approximate quantum calculations (Strong field approxima-
tion, SFA) [Lewenstein et al. 93, Becker et al. 94] associated with propagation codes can
simulate most of the experimental results. A much simpler theory, so called "semi-classical
theory” gives an intuitive picture of what happens [Corkum 93, Kulander et al. 93b]. The

harmonic generation can be illustrated in three steps, figure [.2-2 :
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Figure 1.2-1 : A typical harmonic spectrum

-1- In a first step, an atom irradiated by a strong laser field can be ionized, creating an

ion and a free electron with no initial kinetic energy.

-2- - In a second step, the electron is accelerated by the laser electric field. When the
electric field sign changes it has a possibility to drive back the electron in the vicinity

of the parent ion.

-3- - The third step can occur if the electron collides with the parent ion. Ion and electron

can then recombine and the total extra energy is released by emitting a photon.

The energy the electron gains depends on the phase of the electric field at the time of
emission as well as the time of recombination. It turns out that only for certain release
times the electron can return to the parent ion, for other times it drifts away. The harmonic
emission occurs if the electron is released just after the peak of the field oscillation and
returns between a half and a full laser period later. The maximum kinetic energy that can
be gained is 3.2U,, where U, is the ponderomotive potential energy, i.e. the time-average
kinetic energy of a free electron with no initial kinetic energy over one optical period in a
linear laser field Eycos(wot). U, is given by U, = € E3 /4mwy where m is electron mass and

e is electron charge. Ej, the maximum energy which can be obtained by the electron, is thus
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Figure 1.2-2 : Schematic of the three steps of HOHG. 1/ Ionization, 2/ Acceleration by the laser

electric field, 3/ Radiative recombination

Ey, = I, + 3.2U,, where I, is the ionization potential of gas. This corresponds to the cut off

energy of harmonic spectrum.




Chapter 3

Experimental setup for SPARC

3.1 Experimental layout

The e-beam energy may be varied up to 150-200 MeV. SPARC undulator is composed
of 6 sections of 75 periods each [Giannessi L. 05a, Giannessi L. 05b]. A Coherent Legend
femtosecond laser which delivers 120 fs, 2.5 mJ pulse with a central wavelength at 800 nm
and a modified repetition rate of 10 Hz, generates HOHG in a gas jet. The VUV radiation is
then injected into the undulator by means of a periscope and of a magnetic chicane deflecting
the e-beam from the straight path. Electron and photon beams are then superposed at the

entrance of the undulator (figure 1.3-1).

. i Undulator
Magnetic Chicane e-

e-beam

VUV beam
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Figure 1.3-1 : Experimental layout to seed harmonics generated in gas into FEL.
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Fig. 1.3-2 shows the dependence of the wavelength with the undulator K parameter in
the gap range allowed by the SPARC undulator. At 200 MeV, the resonance condition
corresponding to the gas generated odd harmonics of the Ti:Sa (266, 160 and 114 nm) may
be reached by varying the undulator gap.
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Figure 1.3-2 : Seeded SPARC FEL operation wavelengths

SPARC undulator parameters allow to test different configurations [Giannessi L. 05b,
Giannessi L. 05a]:

> Seeding external source. SPARC offers the possibility of analyzing both the spectral and
time domain pulse properties along the undulator. The e-beam shot noise suppression
induced by the coherent seed at different wavelengths can be studied. A comparison
with simulation data will allow code validation for extrapolation of the simulation data
to lower wavelengths as well as a study of the problems related to the injection of an
external radiation seed in a single pass FEL. Analysis of the coupling efficiency of the

e-beam - seed pulse in terms of the input parameters.

> HGHG. The SPARC variable gap undulator can be operated at different resonant fre-
quencies. Starting with a laser at 266 nm, the radiation will modulate the beam energy
within the first undulator, which plays the role of the modulator. A dispersive section
will convert the energy modulation into a current modulation with a rich harmonic
content. The last module (the radiator) can be tuned to third harmonics, which would
produce a strong coherent radiation field at 88 nm. Other configurations are also

foreseen [Giannessi et al. 06].




3.2. Experimental HOHG

3.1.1 Seeding experiment requirements

The harmonic generation experiment prepared at Saclay is focusing on the study of the
3rd and 5th harmonics for the injection in the FEL.
In addition, seeding an FEL requires a control of the overlapping between the light wave,
and the electron beam. First simulations and calculations, using Genesis code, revealed
that the radiation amplification would be optimized with a photon beam focussed inside the
first undulator, at 0.7 m from its start, with a Rayleigh length of 0.7 m. Since those first
estimations strongly depend on the electron and photon beam characteristics, the focusing
system has to be tunable in order to be able to change the position of the focusing point
inside the undulators, as well as the Rayleigh length.

The seeding chambers are all under high vacuum. In spite of the gas injection in the first
chamber, a vacuum of 107 mbar has to be reached by the end of the third chamber in order

to be connected to the Linac.

3.2 Experimental HOHG

The setup for the production of the harmonics in gas is mainly composed of two chambers
(figure 1.3-3). The laser is sent in the first chamber where HOHG occurs. Then, 1.5 meters
downwards, the second chamber is used to adapt the harmonic beam mode for a correct

overlap with the e-beam in the undulator.

| Spherical .
laser VUV Mirrors Photodiode
o +IR B
Iris
' CCD
' / camera
f=2m l-\ g’ \ '
VOV Interferential
spectrometer :
filter
) 8 m "

Figure 1.3-3 : Ezxperimental setup

The seeding chambers realized at Saclay are presented in Figure [.3-4.
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L. 3. Experimental setup for SPARC

Figure 1.3-4 : Picture of the seeding chambers

3.2.1 Selection of the harmonics

The third harmonic was selected by an interferometric filter (cf. characteristics page 34).
As far as the fifth harmonic is concerned, no filter have been found yet. Therefore, a spatial
selection has been used, using a wedge in LiF. The spectral selection occurs in a separate
chamber, where the light will be sent using a flat aluminium mirror. The deviation angle
imposed by the chamber geometry is 23°. Depending on the incidence angle of the harmonic
beam, one should be able to select whether the third, or fifth harmonic, and send it on a
photomultiplier (cf. characteristic 32). The general scheme for this spectrometer is presented

in figure 1.3-5.

3.2.2 Harmonic beam shaping

In last chamber, an optical system adapts the harmonic beam mode for a correct overlap
with the e-beam in the undulator. The optical system chosen is composed of two spherical
mirrors of two inches diameter, referred as SM1 and SM2 (cf. characteristics page 31),
located in the last chamber of the HOHG seeding experiment, enabling the focusing of the
harmonic beam. In addition, a translation located under the second spherical mirrors allows
a variation of the distance between the two spherical mirrors. One can then tune the position
of the focusing point in the undulator, and optical characteristics of the harmonic beam such
as divergence, and Rayleigh length. A scheme of the optical system is presented in figure
1.3-6.

11



3.2. Experimental HOHG

IR beam

Photomultiplier _ 5 mm pinhole LiF wedge

10 mm pinhole
MgF?2 flat mirror

v

UV window
Interferometric filter

@ 266 nm
Photodiode
Figure 1.3-5 : VUV spectrometer.
. Spherical Mirror MS1
Harmonic Beam /
\ Posttion of the
focussing poit

Spherical Mirror M52

Undulator

Figure 1.3-6 : Ezxperimental setup

Both mirrors can be remotely controlled by under vacuum motorized mirror mounts (cf.
characteristics page 34), allowing tilting in two directions. The translation is also remotely

controlled.

12



Part 11

Preliminary results of the harmonic
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II. 1. Laser system : LUCA

Chapter 1

Laser system : LUCA

The LUCA laser system, available at CEA/DSM/DRECAM /SPAM Saclay [LUCA 06]
has been used for the first tests of the seeding chambers. The characteristics of this laser are
close to the ones foreseen for the seeding experiment at SPARC. The main characteristics of

the laser are presented in Table I1.1-1.

Laser Characteristics LUCA
Wavelength (nm) 800
Band Width(FWHM (nm)) 20
Pulse duration (fs) 56.8
Energy (mJ) 50
Beam diameter (mm) 35

Table I1.1-1 : Characteristics of the laser system LUCA used for the tests. The pulse duration

was measured using autocorrelator, assuming a gaussian profile.

1.1 Laser beam imaging

A way to optimize the harmonic generation is to use a small iris before the lens (focal
length of 2m). Spatial shape of laser beam has been characterized by means of a standard
CCD (Basler - A100 serie - 8 bits) camera for different iris aperture near the focus point.
Figure I1.1-1 show the half-width at 1/e? assuming a Gaussian shape in transverse vertical
and horizontal positions. The laser focuses around at 2.05 m, in rather good agreement with
the theoretical value (2m). At this point, the half-width at 1/e? sizes can be evaluated to
Wgy = I8um for 12 mm diameter, w,, = 109um for 13.5 mm diameter, and w,, = 120pum

for 15 mm diameter.
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1.2. Vacuum performances
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Figure I1.1-1 : Half-width at 1/e? of vertical and horizontal profiles assuming a Gaussian shape

near the focus point.

Few centimeters far from the focus point, a diffraction pattern is observed. In this case,
high harmonic generation is inefficiency, an evolution of transverse section of laser beam for

three different position is shown figure 11.1-2.

(a) Position @ (b) Position @) (c) Position 3

Figure I1.1-2 : Transverse section of the laser beam, iris aperture = 12 mm.

1.2 Vacuum performances

In operation, (during harmonic generation, and therefore, gas injection), without the

spherical mirrors, we reached 10~7 mbar in the last chamber. We hope to improve this

16



II. 1. Laser system : LUCA

value using an other type of harmonic selection (the chamber used is not optimized for high
vacuum experiment), and baking the chambers. Description of vacuum system can be found

page 35.
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Chapter 2

Harmonic Generation in the gas jet

2.1 Optimization of the interaction medium geometry

The initial configuration foreseen for harmonic generation, a simple gas jet with an aper-
ture of 0.5 mm and no additional nozzle, allowed a very small amount of UV photons to be
produced. Therefore, we had to work on the geometry of the interaction medium, in order
to reach better conversion factor.

After increasing the gas jet aperture up to 0.7 mm, we mainly went through four different

configurations:

1. Jet and vertical guide: At the output of the gas jet, we added a 5 mm long cylinder, in
order to drive the gas, and so reduce the angle of emission at the output of the nozzle.

The number of harmonic photons was slightly improved.

2. Jet and horizontal guide: At the output of the jet, the gas was injected in the middle
of a 2 em long, 2 mm diameter, horizontal cylinder. This tube was then aligned on the
laser path. We had too much problems of alignment using this system, often resulting

in a bad profile for the harmonics, and an unstable signal.

3. static cell: Instead of the gas jet, we tried to use a windowless cell, 1 ¢m long, with
two holes aligned on the laser path of 1 mm each. This configuration allowed us to
improve both the amount of photons, and the profile of the harmonic beam: it became
more stable as well as more homogeneous. But the optimization of this configuration
was limited by the pumping system. We had to stop increasing the backing pressure
because the gas continuously spreading in the chamber could not be pumped quickly

enough. Therefore, we moved on to a pulsed cell.

4. Pulsed cell: we finally fixed the previous cell at the output of the gas jet. The gas

is injected in the cell by bursts of 1.3 us duration, using the electromagnetic valve

19



2.2. Dependence with gas pressure

synchronized with the incoming laser pulses. In this configuration, we managed to reach
a good conversion factor in terms of energy (1073 as foreseen by previous experiments),

as well as a good stability, and a nearly perfectly gaussian harmonic beam.

The performances obtained in those different configurations are summarized in figure
I1.2-1.

Pulsed cell
2,5mJ-60fs-14mm W

H3 energy [pJ]

1 Jet and vertical guide
24 3,2mJ-60fs-15mm

] @ Jet and Horizontal guide
04 2,5mJ-60fs-15mm

T T T T T T T
1 2 3 4
Configuration

Figure I1.2-1 : Energy obtained on the third harmonic using different interaction medium config-

urations.

2.2 Dependence with gas pressure

Harmonic generation is a coherent process, the harmonic intensity increases quadratically
for low pressure, for higher pressure the dependence deviates from the quadratic behavior and
it saturates or decreases [Altucci et al. 96, Hergott et al. 02]. The saturation of harmonic
yield is due to ionization effects (defocusing, depletion, phase mismatch) and absorption. In
our case, for low order harmonic, the influence of absorption is quite small.

With the pulsed cell configuration, we have not been able to observe any optimum using
the pressure in the gas chamber as varying parameter. The pressure in the chamber P, mper
could not be increased further than 5 x 10™3mbar. After reaching 20 bar in the remote
gas bottle, the pressure remains constant in the chamber. This is probably due to the gas
jet limited aperture. We did not observe any improvement by varying the time aperture
duration, or delay. Further improvement may then be possible, by investigating larger valve
apertures, or by enhancing the interaction medium length. The dependence in pressure which

is limited by gas jet, is illustrated in Figure 11.2-2.

20



I1. 2. Harmonic Generation in the gas jet

H3 Intensity [a,u,]
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Pressure in the chamber (x1 0° mbar)

Figure I1.2-2 : Third harmonic signal vs Pressure in the generation chamber. Ergser = 2.5 md,

(I)Laser =135 mm, TLaser — 60 fS.

2.3 Dependence with cell position

According to experimental observations [Salieres et al. 95] and theoretical predictions

[Lewenstein et al. 95] the conversion efficiency exhibits 2 maxima by changing the relative
position between the gas jet and the laser focus. The first maximum conditions that enhance
harmonic yield are those where the gas jet is placed in the divergent part of the focused laser
beam. In this case, the best phase matching is on-axis, so the field is constructed along the
propagation axis: The harmonic profile is quasi Gaussian. In the second one, when the laser
is focused after the medium, the best phase matching is off-axis and the spatial profile become
annular with a very little energy emitted on axis. In this theoretical work, the medium ioniza-
tion was neglected whereas recent observations with quite different experimental conditions
showed the revelant role of ionization of the medium [Bellini et al. 01, Hergott et al. 02].
They have found only one optimal jet position which was obtained for a focusing after the
medium.
In our measurements the maximum efficiency has been reached when the focusing point of
laser beam was after the cell. Low order harmonics are optimized by maximizing the inter-
action volume with the help of the ionization induced defocusing. The optimum position is
found for a focusing point of the IR which is about 1 ¢m after the center of the 1 em long
cell (figure I1.2-3).

21



2.4. Dependence with iris aperture

07 | -m—r_=60fs =

@1 _=120fs
laser

3,54
3.04
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H3 intensity [a.u.]

Focus/cell position [cm)]

Figure I1.2-3 : Third harmonic signal generated in argon with 2.5 mJ laser energy as a function

of the position of the focus relative to the cell for two pulse widths.

2.4 Dependence with iris aperture

The harmonic yield was further optimize using the laser aperture [Macklin et al. 93,
Ditmire et al. 95]. Closing a diaphragm placed before the lens means both decreasing the
laser energy and increasing the focal spot size, therefore fastly decreasing the focal intensity.
Decreasing the aperture size, we observe a strong increase of the harmonic signal followed
by a decrease.

As illustrated in Figure [1.2-4 with 2.5 mJ laser energy in Argon gas, a larger aperture
is needed in case of a long pulse duration: 14 mm (resp. 18 mm) for 60 fs pulse (resp. 120
fs chirped laser pulse). The energy contained in each pulse remains unchanged, and fixed
to 2.5 mJ. In order to reach the required intensity level for harmonic generation in Argon,
one has then to decrease the focusing point of the laser. Indeed, the optimum at 60 fs
corresponds to a focal spot diameter of 340 um, and at 120 fs of 279 um; both leading to an
intensity of 2x 1014 1W/cm?. The reduced spot diameter at 120 fs involves less medium in the

laser-matter interaction, resulting into a lower energy emission (less photons are produced).
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I1. 2. Harmonic Generation in the gas jet

H3 intensity [a.u.]
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Iris Aperture [mm]

Figure I1.2-4 : Third harmonic signal vs laser diameter. Treser = 120fs , Peramper = 4.7 X

107 3mbar and Traser = 601, Peramper = 3.2 X 10 3mbar

2.5 Energy of the harmonics

2.5.1 Third harmonic

The third harmonic energy has been measured using a calibrated photodiode (cf. charac-
teristics page 32). The interferometric filter rejected sufficiently the laser beam so that the
detector provided us an absolute measurement of the energy on the third harmonic, further
confirmed using a Digirad (powermeter sensitive to pJ energy level).

Table I1.2-1 summarizes the main results we obtained in terms of energy on H3. The
two configurations presented correspond to two distinct optimization procedures: one using
60 fs, and the other 120 fs. Latter is less efficient, but is closer to SPARC’s laser system

possibilities.

2.5.2 Fifth harmonic

The spectrometer foreseen for fifth harmonic generation has been used. The angular
scanning being only manual, we measured the maximum signal at one position of the prism
angle for H3 and H5 allowing a coarse comparison of the relative contribution of each har-
monic (figure I1.2-5). But no absolute measurement in energy on fifth harmonic has been

performed.

23



2.6. Propagation and focusing of the harmonics

Pulse duration (fs) 60 120
Energy of the laser (mJ) 2.5 2.5
Laser diameter (mm) 14 |17 or 19

Relative position of focusing point(cm) | +1.5 | +1.5

Backing pressure(bar) 20 20
Chamber pressure (1073 mbar) 3.3 3.3
Energy on H3 (uJ) 10 4

Table I1.2-1 : Energy obtained on the third harmonic using two different pulse widths, and their

associated optimized parameters for harmonic generation.

D
n
H3 =60 fs /
_ A e
=
S 3 el
z | wems o
® o
T 2 60 f
= H5 = S
E ‘ . { ]
O
14 o——— O Hs +=120 fs
2,0 2.1 2,2 23 2.4 2,5 26

Energy [mJ]

Figure 11.2-5 : 3rd and 5th harmonics in argon as function of energy laser for two pulses width.

2.6 Propagation and focusing of the harmonics

The harmonic beam propagation is crucial for evaluating the overlap between the light
wave and the electron bunch in the undulator. The harmonic beam is shaped using two
concave mirrors optimized for 266 nm wavelength with respectively a focal length of 200 mm
and 150 mm. The distance between the two mirrors is about 38 cm. The incidence angle
of 2° induces small geometric aberrations. The total reflectivity measured of the dielectric
mirrors for 3rd harmonic is 90 %. The fine tune of the translation stage allows to move the
focus position of the third harmonic over 1 m in the first undulator (a 1 mm translation of
second mirror moves the focus position of 0.8 m). The spatial profile of the 3rd harmonics

has been measured using a CDD camera.

24



I1. 2. Harmonic Generation in the gas jet

2000

1500 4

==&

=1

Q

S
1

500

-500

Half width at 1/® H3 [um]
o
1

-1000

-1500

-2000 4 T T T T T T T v T i T T T
4 5 6 7 8 9 10 " 12
Distance from source of HOGH [m]

Figure I1.2-6 : Longitudinal evolution of the beam waist of the 3rd harmonic in vertical (3) and
horizontal (o) direction (Tigser = 60fs). In solid line indicate the quasi-gaussian

beam fit.

Figures [1.2-6 and I1.2-7 show the evolution of H3 from the exit of the chambers through
out the undulator using two different pulse widths. In both cases (60 fs and 120 fs), the
incidence angle on the spherical mirrors induced astigmatism aberrations. The measured
focal spot size is about 940 um with 60 fs, and 660 um with 120 fs. The theoretical fits
with a quasi-gaussian beam give a M2 value of 1.6 (resp. 1.3) and a 3rd harmonic size of 220
pm (resp. 172 pm) at generation point using a 60 fs (resp. 120 fs). The smaller harmonic
size at generation point using comes from the larger initial laser aperture used for optimum

harmonic generation: 18 mm at 120 fs , against 14 mm at 60 fs.
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2.6. Propagation and focusing of the harmonics
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Figure I1.2-7 : Longitudinal evolution of the beam waist of the 3rd harmonic in vertical (o) and
horizontal (M) direction (Tigser = 120fs). In solid line indicate the quasi-gaussian
beam fit.

26



II. 3. Theoretical studies

Chapter 3
Theoretical studies

Calculations with PERSEO and with GENESIS 1.3 code have shown that saturation can
be reached with SPARC undulator, using a 266 and 160nm wavelength seed with only a
few kW power [Giannessi L. 05a]. Figure I1.3-1 shows the evolution of the peak power of
the fundamental (266 nm) and the third and fifth harmonics inside the radiator for a peak
current of 150 A, a seed power of 10 kW and a electron beam energy of 200 MeV .

10
e | | I !

Power (W)

2.5

z (m)

Figure I1.3-1 : Simulation with PERSEQO code
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Conclusion



The preliminary tests performed at CEA Saclay allowed to find a good geometric con-
figuration (the pulsed cell) to generate High Order Harmonics. In Argon, we obtained 2.5
pJ on the third harmonic (266 nm) using similar laser characteristics as SPARC’s foreseen
seeding laser (800 nm, 120 fs pulse duration, 2.5 mJ). The telescope system designed using
two spherical mirrors successfully enabled us to focus the harmonic beam at the expected
position of SPARC’s undulator first section. The translation stage placed under the second
telescope mirror even allows to tune the position of the focusing point inside the undulator
section. The UV beam obtained around focussing point is nearly Gaussian: estimated M2
is about 1.3. The spot diameter measured at focussing point (i.e. in the center of the first
section) is about 660 um (using 120 fs pulse duration, and a laser aperture of 18 mm).

Absolute measurement of the energy of the fifth harmonic has still to be realized. We plan
to use either a grating to perform spatial separation of the harmonics, or toroidal mirror.

The calculations with PERSEO showed saturation of SPARC undulator with less energy
on the third and fifth harmonics than what we hope to produce using HOHG, which is rather

encouraging for the future experiments.
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Gas jet

The gas jet used is a solenoid valve from General Valve Parker Hanninfin Company (see
Figure I11.0-1).

/ g
-l

it

»

Figure II1.0-1 : Picture of the solenoid valve used for the production of the harmonics

The gas jet aperture, and so gas pulse delivery is controlled via a General Valve controller:

IOTA one. The general characteristics of the combined system are given in Table II1.0-1.

Gas Jet Characteristics

Company General Valve
Reference Serie 9
Orifice diameter (inches) 0.03

Pulse duration from 10 pus to 1s
Repetition rate (Hz) up to 250

Table II1.0-1 : Characteristics of the gas jet used for the production of the harmonics

Mirrors

Dielectric mirrors.

The expected M? of the output harmonic beam might be found between 2 and 4. There-
fore, 3 different optical systems have been calculated in order to be able to focus in 3 different
situations of M2 : 2, 3, and 3.5 as illustrated in table I11.0-2. The number of required mirrors
(6 different spherical mirrors) does not really influence the total price of the system, since
the deposition costs the same price whatever the number of mirrors are being deposited at
the same time. Melles Griot was selected among many other propositions (Laser Zentrum
Hannover e.V., SwissOptic, CILAS, SESO). They guarantee a precision of 1 % on the ra-

dius of curvature of the substrate, and a deposition technique allowing under high vacuum
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experiment without (in theory) any shift of the Ry, wavelength. They produce ultra hard
dielectric mirrors on silica substrates. The expected reflectivity is 99 % at 266 nm, and less

than 3 % at 800 nm. Those mirrors will be used with an angle of incidence of 2.5°.

M? 2 2.5 3.5
Radius of curvature of SM1 (m) 0.350 0.370 0.400
Radius of curvature of SM2 (m) 0.360 0.340 0.310
Rayleigh length (m) 0.65 0.69 0.68

Table II1.0-2 : Characteristics of the dielectric mirrors with different M? configurations.

Aluminium mirrors

In order to realize tests on less valuable optics, aluminium mirrors were ordered at CVI
Optics (reference: PAUV-SMCC-2037-0.30-C and : PAUV-SMCC-2037-0.40-C). The radius
of curvature are 0.300 and 0.400 m, and the expected reflectivity are 90 % at 266 nm.
This system should allow to focus the harmonic beam with the characteristics previously
described.

Detectors

The detection of both harmonics is realized with two solar blind photomultipliers and
a calibrated photodiode, sensitive to the considered range. The characteristics of these
photomulitpliers are given in Table II1.0-3, and those of the photodiode in Table I11.0-4.

Photomultiplier

Company Hamamatsu Hamamatsu
Reference R 759 R 8486
Sensitivity region (nm) 160 to 320 115 t0320
Wavelength of maximum response (nm) 240 200
Quantum efficiency (in %) 7 22.5 @ 121.6 nm
Anode sensitivity (A/W) 1.4 x 10* @ 254 nm | 5.2 x 105 @ 254 nm
Time response: anode pulse rise time (ns) 2.5 2.2

Time response: electron transit time (ns) 24 22

monics

Table I11.0-3 : Characteristics of the photomultipliers used for the characterization of the har-
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Photodiode

Company Thorlabs
Reference DETT710
Detector GaP
Sensitivity region (nm) 150 to 550
Wavelength of maximum response (nm) 440
Responsitivity (in A/W) 0.035 @ 266 nm
Time response: rise time (ns) 1

Time response: fall time (ns) 140

Table I11.0-4 : Characteristics of the photodiode
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Figure II1.0-2 : Cathode response of both photomultipliers

The cathode sensitivity of both photomultipliers are presented in Figure I11.0-2.
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Motorized mirror mount

The motorization system was provided by MICOS (Translation reference: MT-40 HV,
Mirror mounts: MP20S HV). The Figure I11.0-3 shows a view of a mirror mount in the last

vacuum chamber.

Figure II11.0-3 : Ezxperimental setup

Filters

The third harmonic can be easily isolated from the rest of the harmonics and from the

IR, using an interferometric filter. Its characteristics are given in Table I11.0-5.

Company Melles Griot
Reference 03FIU115
Centre wavelength(nm) 266
Band Width (FWHM (nm) 10

T @ 266 nm (%) 12

Table I11.0-5 : Characteristics of the filter used to select the third harmonic
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Vacuum system
The pumping system is composed of:

e Primary pump:

> Alcatel ADS 602 LM 200/460 V 3 phases 50/60 Hz, water cooling.

e Turbo pumps:

> Alcatel ATH 300 water cooling + controller ACT250 90/265V 50/60 Hz

> Alcatel ATH 1300 water cooling + controller ACT1300 M 90/265V 50,/60 Hz monophase
> Leybold Turbovac 1000L CF160 (F.N. A 971300005 / 85535), water cooling + con-
troller Leybold Turbotronik NT 1000/1500 VH.

e [on pump:
> 1 Riber.

To provide isolation of the chambers, the experiment is also equipped with several valves.

e Electro-pneumatic valves VAT: 24V 50/60 Hz

— 1 valve CF 63 to separate harmonic generation chamber from beam shaping cham-
ber

— 1 valve CF100 on the ATH 300 turbo pump
— 1 valve CF160 on the Leybold turbo pump
— 1 valve CF200 on the ATH 1300 turbo pump

— 3 valves iso40 after the primary pump

e Manual valve: CF 160 on the ion pump

The measurement of the pressure is enabled by five gauges from Alcatel.
e 2 gauge Alcatel Pirani cold cathode ACC1009

e 1 gauge Alcatel Pirani cold cathode ACC1010

e 2 gauges Alcatel Pirani APT 1004

Those gauges are linked to a controller ACM1000 90/250V 50/60 Hz.
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