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Abstract To inject the seed laser required by EEHG,va laser-

This is a report on the progress towards Commik@n transport line will be constructed dUring the lasnhonths
the hardware for echo-seeding experiments in thegFL  Of 2011. The frequency tripler, polarization detantrol,
Optical Replica Synthesizer (ORS) section in Jah22@t telescoping, and steering of this laser beam wél b
is anticipated that echo-seeding in the ORS seatwmn described in detail in this paper.

produce harmonics of the 270 nm seed laser wavisleng

generating seeded FEL radiation in the sFLASH CHICANE PROPERTIES

undulators with wavelengths ranging from 10 nm @ 3 The minimum wavelength that can be achieved with

nm. It is planned to operate this experiment ptcally EEHG in the ORS section is eventually determinedhiey
and continuously throughout 2012, requiring a féits 1\ ovimum Re in the first chicane. The maximumdRs

of dedicated beam time only for initial calibrati@f yetermined by the corrector strength, the chicamgth
alignment references. The technical layout, compte 4ng the vacuum chamber radius. The effective vacuum
and tuning procedures involved in this experimem® a-hamber radius is ~15 mm and for an effective afbca

described and the expected difficulties are spextifi length of 1.5 m, the maximumsRas limited by the
vacuum pipe, would be 600m. The limitations on the
INTRODUCTION Rss due to the strength of the FLASH correctors whioh

Echo-Enabled Harmonic Generation (EEHG), also knowgtrrently installed are more severes R 130um for a 1

as echo-seeding is a technique which was propased GeV beam energy. If, however, the FLASH correctoes
2008 [1,2] that calls for the Co-propagation ofed@ctron replaced with HERA correctors, thQ‘,eleltatlon of the
bunch and laser pulse through an -undulator, ckicarfhicane is increased to 7Q0n, limited by the 15 mm
undulator, chicane- series. Through interactionhwit effective radius of the 17.5 mm radius vacuum chemb
seed laser, the electron beam develops an energyd model of the chicane before and after the
modulation in the first undulator which is then pve replacement of the correctors is shown below in Fig
compressed in the first chicane, creating a chdegssity
modulation in longitudinal phase space consistifg
horizontal or diagonal stripes of high-charge dgnsi
separated by low-charge density regions. The electr
bunch is then modulated again in the second urmulat
and compressed in the second chicane, resulting
vertical stripes of charge with a periodicity equal a
harmonic of the seed laser wavelength.

EEHG schemes have recently been proposed f
several seeded FELs [3-5] and proof-of-principle
experiments at two facilities have been able toegse
low-harmonics of the seed laser wavelength [6,He T
proposed schemes all call for a large, 1-10 mgirfkthe
first chicane and when one sees that the FLASH OF
section chicanes can only achieve a maximuygoR~130
um, one is initially inclined to reject the possityil of
doing EEHG with this section, even though an idasér
is available and the — undulator, chicane, unduglato
chicane — layout looks appropriate. However, byagpg
the FLASH correctors with HERA correctors, one cal
achieve a maximumdgof 700um in the first chicane of
the ORS section and while this is somewhat smhad, t
available laser power is large and EEHG up to #® 2 Figure 1: Model of the first ORS chicane beforepjtand
harmonic can still be pursued [10]. after (bottom) the replacement of the FLASH cowext
with stronger HERA correctors
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Two flanges on the left side of the drawing will ineved NON-LINEAR PHASE SHIFT
by about a centimeter. The toroid between the t

correctors on the left will also be moved by abaut
centimeter. These adjustments required the manuéact
and installation of two short sections of vacuurpepi
New magnet support structures were also manufatture
Calculations of the R limitations for the FLASH
correctors (40 mm gap) which are installed in thespnt
chicane are shown in Table 1, alongside calculatioh
the limitations of the chicane with HERA correctd#®
mm gap). The HERA correctors will fit in the allded
space but they typically have a gap of 80 mm, ®y th :Z_HJ'n /(2)dz (1)
needed to be outfitted with 20 mm “pole-shoes”dduce A 2 ’
the gap and increase their strength. These polesshave
been manufactured, measured and sorted with arioeyewnhere /. is the wavelengthp, is the nonlinear index
making the chicane as symmetrical as possible [11].  quantifying the Kerr nonlinearity, ant{2) is the optical
intensity along the beam axis. For values abovpulse

YPhe beam size must be made as large as possibleitvhe
travels through windows and air. This is due to the
requirement that the electric field in refractiveatarials
should be kept low. If the electric field of thelgmiin a
refractive material is high, the nonlinear phaskt still

be high, potentially distorting the pulse spatialy
generating damaging hot-spots through self-focusiing
nonlinear phase shift, or B-integral, is given by,

@1GeV FLASH HERA distortions begin to occur and for values betwees, 3
correctors correctors self-focusing can occur. Self-focusing occurs beeathe
Max Current 35A 35A refractive index becomes larger in the areas whiege
Pole Gap 40 mm 40 mm intensity is higher, creating a focusing densityfibe
Magnetic field 300 mT 280 mT which potentially leads to the collapse of a beamitgelf.
Physical length 100 mm 300 mm Below the self-focusing threshold, it tends to gatean
Deflection Angle | 9 mrad 30 mrad intensity dependent curvature of the wavefrontstha
Dist. btw. Dipoles| 0.75 m 0.345 m central portion of the beam. For aig,~ 4-10% m?/W for
Dispersion () | 130um 980um A = 800 nm [15]. For silicap, ~ 2.4-10°° m%W [16]. The

cumulative B-integrals for all dispersive materiadast be
Table 1: Comparison of possible chicane dipolesl at /€SS than one for any given pulse. For example3Gfa
GeV. With the HERA correctors, the maximurgsRf the  (FWHM), 30 mJ Gaussian pulse of 800 nm light with a
chicane will be increased to the 7@ limit imposed by diameter of 16 mm (FWHM) can travel through 3 meter

the radius of the vacuum pipe. of air and 3 mm of silica before the B-integral eggrhes
one.
With smaller magnets it is possible to make rfine
adjustments to the steering of a beam, but whike th SEED TRANSPORT

replacement of the smaller correctors in the S  The existing seed laser system produces 800 nriigh
chicane with larger correctors does remove onet @i 5 puise energy of up to 30 mJ and a pulse lengibhwh
steering precision, the second ORS chicane rethi®s -5 pe adjusted between 30 fs and more than a
original, smaller magnets, maintaining the finees®y pnicosecond. For the echo-seeding experiment, vendnt
into the sFLASH undulators. A diagram of the setio tg adjust the compressor in such a way that theegubill

with dimensions is shown below in Fig. 2. have a negative chirp of approximately -90 THz/pd a

duration of about 130 fs FWHM.

15m 15m 15m 15m

The laser sits on an optical table in a laskrddjacent
SFLASH to the accelerator tunnel, together with the pulse
P R— F O U —— T O ——— » compressor followed by a Galilean te|escope whidh w
45m 5m 45 m expand the beam diameter from 6.5 mm (FWHM) to 16
< o > mm (FWHM). This makes the B-integral over the 3

meters of air and 3 mm of glass prior to the vacuum

) _ ) ] acceptable for pulse energies of up to 30 mJ.
Figure 2: The dimensions of the ORS section. Tlerla  after the telescope the beam is periscoped down

injection point is shown on the left, followed tetORS  thyough a hole in the floor into a pit in which thew, 10°
section undulator, chicane, undulator, chicaneeseifhe |\par evacuated laser transport line begins. Theavinat
first of the SFLASH undulators is drawn on the tigh tpe entrance to the vacuum will be followed by 8ere
Each ORS undulator and chicane is approximately 1 eyacuated DN50 ISO-KF pipe, ending in the

meters long. The distance from the injection pointhe  5ccelerator tunnel. The locations of the lab, tinaed
middle of the first ORS chicane is 7 meters. pipe are depicted below in Fig. 2.
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4.5 metersto
1% undulator

exigting laser transport pipe A
for HHG )

new laser transport pipe

for ORSand EEHG 4.5 maters

laser lab h 7 meters
28g e-beam

Figure 2: Location of new laser transport line WHE!SpECt Figure 4: Top-view of optics in the accelerator rteh
to the accelerator tunnel, laser table and firstSORErequency tripler and polarization control opticee a
undulator. followed by a Galilean telescope and four motorized

_ _ steering mirrors.
After the 8 meters of vacuum pipe, the laser bedt w

enter the first of two 70x30x30 cm evacuated boxes The telescope in the laser lab will be slightly

installed in the accelerator tunnel. These boxes 8fisaligned in order to create a 10 mm (FWHM) waist
followed by another segment of pipe and two flangghe 21 mm diameter aperture tripler which sits lters
mounted steering mirrors, the last of which reetite away, in vacuum. This beam diameter is large endagh
laser beam onto the electron beam axis. The dimesiSi 4y0id nonlinear phase shift problems in the trassion
of the vacuum pipes, boxes and flange mounted r8ifro  through the 4 mm thick alpha-BBO crystal in thelet
the tunnel are depicted below in Fig. 3. The etecleam  and the two 1 mm thick waveplates after the tripler
direction is into the page and the last of the rgtge The telescope after the tripler will generatioeus in
mirrors is located in the upper right hand corneeally  petween the ORS undulators. For a 100 fs (FWHM, 1.
in front of the cylinder which is frequently refed to as  mj Gaussian beam, a 740 (FWHM) waist is consistent
the SFLASH mirror chamber. with the ~1.18 Wicn? intensity required in the
undulators. It would also create a 2.5 mm (FWHM)tsp
size and a B-integral of 0.35 at the 1 mm thick deww
into the UHV. A smaller waist would increase theotsp
size at the window but it would degrade the peakgydn
the undulators. A larger waist would do the revetsés
known that the electron bunch diameter must beagt|3
times smaller than the laser beam diameter in dodtehe
electron bunch to experience a more flat wavefront.
Wavefront control and optimization of the laserdsawill
be decribed in more detail in a subsequent section.

The standard window thickness for a 1" window3is

) T e mm, a value which is deemed safe for a scratchseldfu
Figure 3: Side-view and dimensions of evacuate@rlasgjjica window under the influence of a 4 millibaepsure

transport line in the accelerator tunnel. Dimensi@me \,5ve Because we will use a high-quality crystallin
given in millimeters. The electron beam directisnirto quartz window which is ten times stronger than high
the page in the upper-right corner. quality fused-silica and because the window is hat t

) ) ) interface between high and ultra-high vacuum, webe
The evacuated boxes will contain optical breadb®anl hat 3 1 mm thickness should be more than sufficién
which a frequency tripler, a polarization controll@ he custom window which we have ordered begins to

Galilean telescope, and two motorized steering arsIT o5k it can be replaced on short-notice with adsad, 3
will be mounted. Two more motorized steering MSror ;,m thick window.

are mounted in vacuum flanges following the boxs.

window directly after the last box marks the tréinsi

between the high vacuum (iOmbar) of the laser FREQUENCY TRIPLER

transport line and the ultra-high vacuum{ifibar) of the The seed pulses at 267 nm will be produced in tepss
accelerator. The optics in these boxes will berabsd ~ First, the 800 nm light pulses will be frequencyibied in

in a clean room before they are installed in thenel @ beta-BBO non-linear optical crystal (cut at 2grees)
Once they are in the tunnel it will be possibleatwess to obtain pulses centered at 400 nm. In a secomd no
the optics by opening one of the panels on the Btean- linear beta-BBO crystal (cut at 44 degrees) the AGb
room level dust control is not required, but specare and 811 nm pulses are mixed in order to obtain the
must be taken to avoid introducing oil into theteys  desired pulses with a center wavelength of 267 Bath
The layout of these components is depicted in £ig. non-linear optical crystals have a thickness ofrir@ and
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for both frequency conversion processes, so-cdligmk |  spectral profiles of the®harmonic pulse are presented in
(o + 0— e) phase-matching is used. Fig. 5, together with a schematic representatiorthef

The polarization of the 400 nm pulses produgethe tripling unit. The crystal dimensions and the megbtal
first non-linear optical crystal is orthogonal itéla to the rotations required for each crystal are listed Wwel®he
polarization of the 800 nm fundamental. In the sgpent rotation stages and goniometers used to rotatdilule
mixing step, parallel polarizations are required aefore crystals will not be motorized. The tripler will ladigned
entering the second non-linear optical crystal, thim the laser lab and then installed as a uniténttimnel on
polarization of the 800 nm pulse is rotated by @pprly a tip-tilt platform.

oriented dual-wavelength, zero-order waveplate.sThi Tripler Output
waveplate acts a Y2-waveplate for the 800 nm puldeaa 1
full waveplate for the 400 nm pulse. 8

In order to (pre)compensate for the group-dbktyveen £ ]
the 400 nm and 800 nm pulses induced by the various
optical components, a 4 mm thick alpha-BBO (cuf@t E 00 fs (FWHM) |
degrees) crystal is inserted between the first liveear ) 9 . . . . . . .
BBO crystal and the dual-wavelength waveplate. The o a0 time (1s) o0 700
optical properties of alpha-BBO are very similathat of 1
the more familiar beta-BBO, but due to its symneetri g
crystal structure, frequency-doubling and sum festy £
generation processes do not occur in an alpha-B&0O. % 6 THz (FWHIN) 1
shown in Fig. 5, a simple rotation of the alpha-BBO § (1.5 nm)
crystal allows us to accurately and precisely vtrg ok — - < - - -
time-delay between the arrival of the 400 nm and 8 frequency (TH2)
pulses at the second non-linear mixing crystal oaer
range of several hundreds of femtoseconds. This | g-BBO a-BBO 14 WP B-BBO
important for the optimization of the yield of thkird 400 nm
harmonic. 0=2921> 6=70 |> S| 0=44.2

Both frequency conversion processes in the triplinig = 90 = 90 Eull WP = 90
have been simulated using SNLO software [17]. k& th 800 nm
first step the second harmonic is produced witle#dyof,

typically, 30%. With a pulse duration of about 89 f

FWHM, the 400 nm pulse produced is slightly shorte Y (up)

than the original 800 nm pulse of 130 fs FWHM. B®®

nm fundamental pulse gains non-Gaussian charanter ¢ Z (beam direction)

broadens to about 180 fs FWHM directly after thestal,

largely because the conversion efficiency is higlotsse X

to the center of the pulse. In frequency space4@itenm . -

and 800 nm pulses have similar widths (FWHM), et t Rotation of crystal about axis:

chirp of the second harmonic increases to aboub -1fgiry5ta| dirnensionsz(mm)' z Y

g:;f;sevsngraebaju:h&a}’ﬁrz"}‘gs chirp of the fundarhentd, > 102 30x21x4 21x21x1  21x22X0.
Due to a combination of ordinary (linear) dispensio _. ] ) :

self-phase modulation and cross-phase modulatidhen Figure _6' Temporal and s_pectral profiles of thé- 3

dual-wavelength waveplate and the alpha-BBO del rmonic pulse _generated W'th. SNLO softwgre [1@ﬂ>x.t_

crystal, the ®-harmonic pulse is strongly compressed t rystal properties and required mechanical rotation

about 60 fs FWHM before it enters the final noreln bottom).

mixing crystal. Concomitantly, this pulse acquigeslight

positive chirp. On the other hand, the 800 nm ppissses

through these optical components with relativelynani

changes. The marked compression and the positive c

f the 400 I tl h the yield ef t e i : .
of the M puUise greaty ennance the yie pulse is tilted with maximum tilt close to the cemnof the

frequency mixing process in the final non-lineaticgd . .
crystal and the SNLO software predicts a yieldlo§e to pulse. Summarizing the results of _the SNI.‘O Calm.
we can conclude that for this particular tripling

20% for the S-harmonic at 267 nm. The Compmedconfiguration the simulations predict the productad the
duration of the 267 nm pulse produced is just ud@erfs third harmonic in rather high yield, higher thare thO-

FWHM and its spectral width is approximately 6 Tz ; ) . :
1.5 nm) FWHM. The time-bandwidth product of abou 5% yields quoted for commercially available trr}_sle
0.6 is relatively close to that of a transform liedi oreover, both the temporal-spectral and the spatie

Gaussian pulse and the chirp is small. The tempadl calculated values for the averagg.Mnd My of the 270

The calculated values for the average values gfavid
M,, of the 266.7 nm pulse are 1.12 and 1.14, respdgtiv
hbut the actual values vary significantly across the

Hemporal or spectral envelope of the pulse. Likewthe
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nm pulse are 1.12 and 1.14, respectively, but tieaa
values will vary significantly across the tempora
spectral envelope of the pulse. Likewise, the pidsited
with maximum tilt close to the center of the pulse.
Summarizing the results of the SNLO calculations
can conclude that for this particular tripling cigifration
the simulations predict the production of the 3adrhonic
with a rather high-yield, higher than charactecsiof the
3rd-harmonic pulse appear promising. However,
number of effects, such as self-focusing in thatietly
thick alpha-BBO delay crystal have not been inctude
the simulations, and one should leave open thehlitys
that, in practice, both the yield and the opticahlgy of
the pulse are worse than suggested by the simuatibit
is found that lower input power levels produce dtdre
output beam, it might be possible to replace thpha
BBO with a thinner calcite crystal. This would better,
due to the thinness of the crystal, but worse du¢hé
lower damage threshold of calcite. It is well knottrat
the spatial quality of the input pulse has a paldidy
strong influence on the tripler efficiency and tlsatvhy it
is anticipated that the adaptive mirror which viad used

to tune the wavefront of the 800 nm pulse will be

particularly beneficial.

SYNCHRONIZATION
Because 25 fs (rms) synchronization of the eledamch

with the Master Laser Oscillator (MLO) is accessibl

through electron bunch arrival-time feedbacks [1#}en
an optical cross-correlator for the seed laser
commissioned, this will lock the seed laser to kheO
with few-femtosecond accuracy [19], giving seedagl

slicing schemes access to 25 fs (rms) synchrooizati

with the electron bunch. With the existing RF lagkase-
lock loop used to synchronize the seed laser vi¢hRF
reference of the machine, a jitter of 45 fs (rmejween
the laser and the reference has been measured [20].
For perfect, linear compression and transportthef

A measurement of a typical electron bunch peofil
during an HHG experiment run is shown in Fig. 7.eOn
sees that the seed-able portion of the bunch tiethe
middle of the bunch where the charge density i# laigd
the slice energy spread is low. Depending on the
operation point of the EEHG experiment one might
expect between 10 and 150 fs of the bunch to bd-see
able.

2
i ——RMS enengy spread
i  ——El=ciron bunchi i

Mean enengy dewiation

LAl
N

“T200 400 600 BOO

Longfiudinal Coordinate [fs]

Longitudinal Cocrdinate [15]

Figure 7: Longitudinal charge distribution of ekect
bunch plotted together with measured slice enepgyasl
(left), and deviation of the slice energy from th@minal
(right). From R. Tarkeshian et al., Proc. of PAC(New
York) [21].

POLARIZATION CONTROL

In an echo-seeding setup, there is a chicane inelaet the
first and second modulator undulators. This chicane
delays the electron beam relative to a seed lasabbut
a picosecond. To produce seed overlap with therelec
geam in both undulators, one has several options
e two lasers, one delayed relative to the other
« asingle laser and two laser transport lines
a single laser where the delay is produced by
inserting a dispersive material in the laser path
through the chicane
e a single laser with orthogonal undulators and a
birefringent crystal used to longitudinally split
the laser pulse (Fig. 8)

electron bunch, a 250 fs portion of the bunch couliven a laser with sufficient pulse energy, the tddhese

potentially be used for seeding. For a perfeciyuiemncy
tripled laser pulse, 100 fs could be used for sepdi
Under these assumptions, synchronization
Under pessimistic, but possible assumptions about n

linear compression and transport, only 10 fs of the i
electron bunch and 20 fs of the laser pulse wowdd b

usable for seeding and under these conditionshereRF
synchronization nor optical cross-correlator
synchronization would be sufficient.

Reality lies somewhere between these two exsem e
and even small improvements in the most pessimistic/

assumptions bring the synchronization problem ftom
impossible into the possible. For example, givenf25
(rms) synchronization, even if the portion of thec&ron
bunch which could be seeded is only 20 fs (rms} land
the portion of the laser pulse with appropriatelitjea is
40 fs (rms) long, 40% of all shots should producerfap
over at least 10 fs (rms).

options is the clear choice.

is trivig

laser

based

........ V und. H und.
birefringent
crystal
170fs 6—po| ’ s—poi p-pol 'spol )
< lps>

Figure 8: Generating a delay betwessndp polarization
splits the pulse longitudinally so that it can beed to
seed in both undulators. The undulator labdiedind.

produces horizontal oscillations and und. produces
vertical oscillations.
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By splitting the laser pulse longitudinally using avery thin 'true' zero-order “2-waveplate which woatdy
birefringent crystal as the delay material, rotagimf the need to be adjusted once. Unfortunately, it is issjide
crystal about the beam directiop) (would change the to manufacture such a 1gm thick plate and one
polarization of the incoming pulse, thereby attéimgathe alternative would be to install a wave-plate asvheuum
effective electric field of the pulse in proportita the window. A more reasonable alternative would bede a
rotation of the element. Tilting the crystad) (would ‘true’ 3 order Y:-waveplate, despite the losses which
provide a mechanism for fine-tuning the delay peedl would result.
allowing for flexibility in choosing a chicanesfR The Without a zero-order waveplate after the 60 eegr
geometry of the crystal and rotations is depicteflig. 9.  mirror, one can pre-compensate for the polarization
rotations due to the mirror but then one shouldeekphat
rotations of the birefringent delay crystal abché z-axis
will not change the power in the individual polatipn
states in the undulators in a purely linear fashitarative
T e, fast tuning and calibration of the power levels in the

e, (2m)
T undulators would be required.

WAVEFRONT CONTROL

An adaptive optics package involving two deformable

mirrors and measurements of the 800 nm and 270 nm
Figure 9 Rotations of a birefringent crystal about theyayefronts will be required in order to modulatee th
beam direction ¢) change the amount of power in eactenergy of the electron bunch with sufficient qualiThey
polarization state and tilting the cryst8) produces small will be installed prior to the tripler (out-of-vasm) and
changes in the delay between the fast and sloveguls  after the tripler (in-vacuum). An example of the

improvement in a laser focus produced by the agfitin
Three alpha BBO crystals were purchased withfa deformable mirror is shown in Fig. 10.
thicknesses of 1 mm, 1.25 mm and 1.5 mm. This shoul
accommodate the range of chicangsRrom 500um to
700 um. Although the tilt can be used to adjust the ylel
over a wide range, it is better to use a crystatkvis not
tilted very much, due to the spatial chirp that thdse
will acquire in a tilted crystal.

In order to make sure that teeandp polarized pulses
have the correct orientation with respect to thene$ of
electron beam oscillation in the undulators, a 1/
waveplate is required either before or after thysted. If it
is installed prior to the crystal, its rotation elehines the
amount of power in the individual polarization s&gnd

the crystal rotation ¢) determines whether or not theFigure 10: Beam focus before (left) and after (ighe
polarizations of the pulses are appropriate for thgse of wavefront tuning on the incident beam. Image

undulator orientations. _ taken from imagine-optic.com.
A complication is added to the tuning of the pow

levels of thes andp polarized light due to the fact thatthe |t js possible to tune such a mirror based on
+  The mirrors reflect 99.6% of thepolarized light measurements using either screen images or direct
and only 97% of the polarized light. measurements of the wavefront. Screens or wavefront
* The second to last mirror has a 60 degree angéensors installed in the electron beam line or reefo
of incidence and all others have 45 degree anglesuld all be used in a search for the most effectiv
of incidence. wavefront control, but the ultimate diagnostic viié the
If all of the mirrors had 45 degree incidence, rtaiiming FEL beam itself. We will first attempt tuning the
pures andp reflections would be a simple matter. Due taleformable mirror with a genetic algorithm usingesm
the second to last mirror, however, one must prémages as the in-loop diagnostic criteria, withavefront
compensate for the polarization rotation that itll wi sensor as an out-of-loop diagnostic. We may alsorgut
produce, and as a result, all reflections will hawviszed the reverse configuration as well.
polarization states, giving rise to further unwante The quality of the 800 nm laser wavefronts hatrang
polarization rotations which will probably be diféat for influence on the efficiency of the frequency tripl&/hile
the two, longitudinally separated pulses, making ttho a beam with a flat wavefront can have more than 20%
pulses less and less orthogonal. It would be pabferto conversion efficiency, a spatially distorted pulsay
have as many purs and p reflections as possible, andhave less than 10% conversion efficiency. The beite
rotate the polarization again as late as possiblegua conversion efficiency that we can achieve, the lapsit
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pulse energy we would require. If we can use lowput beam for day-to-day operation. After these mirrthgre
pulse energy, we can expect less of an influenoe fr will be two more motorized steering mirrors insdllin
non-linear phase shift in the several meters opaor to the vacuum flanges. It is intended that these #ang
the entrance to the vacuum. mounted mirrors will be adjusted one time duringiah
The quality of the 270 nm laser wavefronts witiectly set-up and then not used for day-to-day steeringhef
translate to the quality of the echo-seeding mignahes. beam. The reason for this is that there will berfietd
While small tilts of the wavefront can be compeadat and far-field detectors available after the tableunted
with adjustments of the chicane dispersion, mormirrors but not after the flange-mounted mirrorsth/the
complicated distortions will directly degrade thanbhing near-field and far-field detectors used to detbetdmall
factor of the goal harmonic, effectively smearing the portion of light which is transmitted through thieldctric
longitudinally projected charge density. mirrors, steering references can be generated and
The tolerances of seed laser wavefront distodiepend calibrated with references given by laser-spot iesagn
on the harmonic number one aims to achieve. For tMAG/OTR screens in the electron beam line.
range of harmonics around 20 the flatness requised Due to the 45 degree angles of incidence dmdable-
about 2 nm (rms). For higher harmonics, the tolegan mounted steering mirrors, and the gimbal mirror nieu
become tighter. This was investigated in [10]. which have been selected, it will be possible to
These tolerances are impossible to achieve Her tindependently adjust the angle and position ofltéam.
entire, 700 nm (FWHM) laser spot. Even if there@ngy By tilting two gimbal mounted mirrors in opposite
lower-order distortions of the wavefront, and alirections, a change in the position of the beanhauit
deformable mirror is used for correction, the fests that affecting the angle of the beam can be affecteds Jbrt
one could expect over the whole spot would be ~80 nof arrangement should make it easier to design an
(rms) [23]. In fact, the best UV wavefront sens@ ave automatic steering algorithm. The orientations and
found achieves an accuracy of no better than 2.52d4fn  mechanisms of the table mounted steering mirroth wi
It may, however, be possible to achieve a highityual near- and far-field detectors are depicted belofign 11.
wavefront over a small region. Since we expect an
electron bunch diameter of between 120 and 235um,
the target tolerance should be <2 nm wavefronbdisn
over the central 200 nm of the 700 nm (FWHM) spor Near field
Another iteration will involve tuning the wavefrobased
on a lower harmonic FEL beam. A lower harmonic wili
be easier to produce than a higher harmonic beaithen
wavefront corrections obtained will also be appiieato
the higher harmonics. Pl el

detector

If the deformable mirrors do not provide suffict 4 detector
wavefront quality, a spatial filter may be employaitier
the tripler in order to address microscopic disbo.
This would require additional folding of the beamthe _
vacuum sealed boxes, so that the beam could beddcu Mjf
|
\

on a conical aperture at the diffraction limit. Tidea is
that deformable mirrors fix the macroscopic wavefro
distortions and the conical aperture fixes the ascopic |
wavefront distortions. While these sorts of spatilérs ‘
have been employed to improve UV beams for photo- Iz % P
cathode injectors [25] and they can be used aspticad ‘ /‘F/ e {J/, i e
fuse in order to protect optics from high-poweeta$hot- 7
spots” [26], they cause significant losses in bgswer, !
they require very low pointing jitter (fast steayin
feedback) and we are hopeful that the deformabteorsi Figure 11: The table-mounted steering mirrors will
alone will provide sufficient wavefront quality. If is  transmit a small portion of the light to near- dadfield
required, it could be installed after the initialdetectors. Tilting gimbal mirror mounts in opposite
commissioning, in September of 2012. directions can produce changes of the beam position
without affecting the beam angle.

»

N
L |

TRANSVERSE OVERLAP
: : If the lens for the far-field detector has adblength of
In order to achieve transverse overlap with theteda 20 cm, the location of the spot measured by a CCD

beam, four motorized steering mirrors will be atr ou:

disposal. The first pair of steering mirrors wik Iin the n;}sta;lled at thle focuhs of the (Ijens W'." mo_stly”?lalmbebto
tunnel, after the tripler and mirror-based telesc@pig. the beam angle at the seconc steering mirrorhelibeam

14). These table-mounted mirrors will be used ¢eisthe 2aN9le changes by a micro-radian for a 20 cm foeagth
lens, the spot will only move by a couple of migom
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order to improve the far-field detector sensitiidyangle spectrum. The g of the last ORS chicane would then be

changes, the focal length of the lens would neetheto tuned until seeded FEL radiation is observed. ¥ th

larger and the detector would need to be placetthdur experiment is successful, it should be clear thinoag

away. In principle, a focal length of even 2 meteould comparison of modulated pulses and non-modulated

be used. pulses. Enhanced coherence and intensity would be
expected from the seeded pulses.

LONGITUDINAL OVERLAP
Several tools for finding the longitudinal overlafll be PARASITIC OPERATION

at our disposal: a streak-camera for picosecormlutisn  Parasitic operation can be restricted by eithesrlaafety
[21], optical transition radiation (OTR) screeng the issues or incompatibility with the SASE program.
detection of coherent optical transition radiatic®@TR), Because, with appropriate interlocks, it is notgiole for
a TG FROG for UV laser characterization, instalteshr dangerous quantities of 270 nm or 800 nm light &dkenit
the second chicane, and LOLA, the transverse deaftpec to the viewports in the user area [9], laser ikt for
cavity for measurements of the longitudinal profifethe user safety will not be required and parasitic apen
electron beam [27]. LOLA will be particularly uséfior  will not be restricted on that basis. Due to theewiange
diagnosing changes in the energy spread of the loe@m of beam energies and wavelengths that can be mlrsue
to the interaction of the electron beam with thedslaser. with EEHG, as long as the beam orbit through theSOR
The first step towards achieving longitudinal ogprl and sFLASH section is reasonable, the orbit shoatde
would be to set up the electron beam with the lf@stm an impediment to parasitic operation. It has alsenb
arrival-time feedback [19]. One would then selbet 10th  determined that the incoming microbunching instgbil
bunch or so from bunch train because it will havaae would only be exacerbated by the ORS section when t
stable arrival-time than those that precede it.thisr 10"  undulators are tuned to radiate at wavelengths lwaie
bunch, one could then use the photodiode in the ORIl above the 270 nm wavelength which will be ufmd
chicane to find nanosecond overlap with the lager. EEHG [9]. The main disturbance which could be posed
vector modulator is used to scan the phase ofdbkerl by the EEHG experiment would be the request torinse
relative to the machine reference. The next stepldvbe screens in order to tune the overlap with the mect
to use the streak camera installed in the first ORBunch. Given the near and far-field detectors & lt#ser
undulator to find picosecond overlap. cOTR from théransport line, the laser can be steered to a known
OTR screen could then be used to find femtosecomdference trajectory without inserting screens he t
overlap. In parallel, LOLA should also provideelectron beamline. In this way, the screens woulg be
femtosecond resolution of the longitudinal overldpe to required for initial calibration of the near and-feeld
the fact that the energy spread (width) of the beanthe detectors and as a final cross-check of the parasit
LOLA screen should increase when overlap is aclkieve alignment procedures. With automation of the trensy
After overlap in at least one undulator has beeaverlap process, it should not take more than a few
achieved, one should rotate the waveplate priothto minutes of beam time per shift.
alpha BBO delay crystal so that all laser poweinishe
polarization state appropriate for the first undldaWhen CONCLUSION

a maximum energy spread is observed with LOLA, onﬁsing the undulators and chicanes developed for an

would rotate the waveplate so that all of the lgmewer is . . . X
in the polarization sFiate appropriate for the selconoptlcal replica_synthesizer (ORS) experiment togeth
undulator. Then one can tune the tilt of the deleystal with the SFLASH 800 nm seed laser, radiator undusat

as well as the & of the first ORS chicane in order tOand diagnostics, an echo-seeding experiment will be

maximize the overlap in the second ORS undulz'zlto(rx)ndUCted at FLASH in January 2012. For this

. . ; experiment, a 130 fs (FWHM) 800 nm laser pulse bl
tuning until a maximum energy spread has been wbder d with | . i
with LOLA. transported with a new, 12 meter long, in-vacuuseila

._transport line. On an in-vacuum optical breadboé#nd,
Then one can rotate the waveplate so that the odtio 800 nm pulses will then be frequency tripled inaBBBO
the laser power in each undulator matches that hwisic P d y mp

expected by the simulation for the desired harmo@ite nonlinear crystals. The 270 nm laser pulse wilintte
would then attenuate the laser power until the ay split longitudinally using a birefringent alpha-BBystal

spread measured with LOLA matches what would blgto two pulses with orthogonal polarization states

. . ding to the orthogonal orientations of @RS
expected by the simulation. The LOLA energy spread . cohon .
respolution isylookev at 1GeV and should be ngﬁug undulators. These pulses will be focused to a 760 u

determine the EEHG laser power setpoint. The cOT WHM) waist between the gndulators W'th a.GahIean
. elescope and then steered with 4 motorized mimwate
from the second ORS chicane screen should also

observed for evidence of laser-induced bunchin % electron beam axis in the ORS undulator section
: 9. LOLA and cOTR will be used to diagnose the bunching
After an appropriate amount of energy modulatioa ha

been achieved, one would then turn off the LOLAkkic of the beam prior to the SFLASH section.
and observe the radiation on the SFLASH undulator

80of9



ACKNOWLEDGEMENTS

Thank you to Josef Gonschior (DESY) for the design,
drawings and construction work. This work was
supported by DESY, BMBF 05K10PE1, and grant 62

2009-2926 of the Swedish research council.

REFERENCES

[1] D. Xiang and StupakovEcho-enabled Harmonic
Generation for Free Electron Lasers, SLAC-PUB-
13474, Dec 2008.

[2] G. StupakovUsing the Beam-Echo Effect for
Generation of Short Wavelength Radiation,
PRL.102.074801 2009.

[3] E. Allaria, et al. Echo Enhanced Harmonic Emission
in FERMI, Proc. of FEL’09 (Liverpool).

[4] S. Reiche, et alecho Enabled Harmonic Generation
Scheme for SMSSFEL, Proc. of FEL'09 (Liverpool).

[5] H. Deng, et al., The Echo-Enabled Harmonic
Generation (EEHG) Options for FLASHII, FLASH
Seminar December 06, 2010.

1[_21] R. Tarkeshian, et

[20]M. Felber, et al.RF-based Synchronization of the

Seed and Pump-probe Lasers to the Optical

Synchronization System at FLASH, Proc. of FEL'10

(Malmoe).

al.,Femtosecond Resolved
Determination of Electron Beam and XUV Seed Pulse
Temporal Overlap in SFLASH, Proc of PAC'11 (New
York).

[22]G. Vdovin, et al., Correction of low order
aberrations using continuous deformable mirrors,
Optics Express 16, 2859-2866 (2008).

[23]E. Dalimier, et al., Comparative analysis of
deformable mirrors for ocular adaptive optics, Optics
Express 13, 4275-4285 (2005).

[24] Specifications for HASO UV Hartmann sensor.

[25] SWISSFEL injector design.

[26]www.imagine-optic.com/applications,

Next Generation Optical Fuse.

[27] Michael Roehrs, “Investigations of the Phaga&
Distribution of Electron Bunches at the FLASH-
Linac Using a Transverse Deflecting Structure®,

[6] D. Xiang et al.,Demonstration of the Echo-Enabled
Harmonic Generation Technique for  Short-
Wavelength Seeded Free Electron Lasers, PRL, 105,
114801 (2010).

[7]1 Z. T. Zhao et al.,Progress in SDUV-FEL and
Development of X-Ray FELs in Shanghai,
proceedings of the 2010 Proc. of FEL'10 (Malmoe).

[8] K. Hacker, et al.New Uses for the ORS Section at
FLASH, TESLA-FEL 2011-03.

[9] K. Hacker, et al.,Parasitic Operation of the ORS
Section at FLASH, TESLA-FEL 2011-04.

[10] K. Hacker, et al.Tolerances for Echo Seeding in the
FLASH ORS Section, TESLA-FEL 2011-05.

[11] J. Hollar, DESY personal communication.

[12] Wikipedia page on Self-Focusing.

[13]Gaeta, A. L. "Catastrophic Collapse of Ultragh
Pulses", Phys. Rev. Lett. 84, 3582 (2000)

[14]Fibich, G. and Gaeta, A. L. "Critical powern feelf-
focusing in bulk media and in hollow waveguides",
Opt. Lett. 25, 335 (2000)

[15] Nibbering, E.T.J. et al. "Determination of thmertial
contribution to the nonlinear refractive index af, a
N2, and O2 by use of unfocused high-intensity
femtosecond laser pulses”, J. Opt. Soc. Am. B 14,
650 (1997)

[16] Garcia, H. et al. "New approach to the measienm
of the nonlinear refractive index of short (<25 m)
lengths of silica and erbium-doped fibers", OptttLe
28 1796 (2003)

[17] SNLO nonlinear optics code from A. V. SmithSA
Photonics, Albuquerque, NM, USA.

[18] W. Koprek, et al.|ntra-train Longitudinal Feedback
for Beam Sabilization at FLASH, Proc. of FEL'10
(Malmoe).

[19] S. Schultz, et alProgress and Status of the Laser-
based Synchronization System at FLASH, Proc. of
DIPAC 2011 (Hamburg).

DESY-THESIS-2008-012, 200.

90of9



