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The BESSY∗∗∗∗ FEL Project

M. Abo-Bakra, W. Andersa, J. Bahrdta, R. Bakkera, W. Eberhardta, B. Faatzb, R. Follatha,
A. Gauppa, M. von Hartrotta, E. Jaeschkea, D. Krämera, P. Kuskea, M. Martina, R. Müllera,

H. Prangea, S. Reichec, W. Sandnerd, F. Senfa, I. Willd, G. Wüstefelda

aBESSY, Albert-Einstein-Straße 15, D-12489 Berlin, Germany
bDESY Hamburg, Notkestraße 85, D-22607 Hamburg, Germany

cUCLA, Particle Beam Physics Lab, CA 90095, USA
dMax-Born-Institut, Max-Born-Straße 2A, D-12489 Berlin, Germany

Abstract

BESSY plans to construct a linac-based single-pass FEL as an addition to its existing third generation storage-
ring based light-source. The project aims to obtain an FEL-based user-facility that covers the VUV and soft X-
ray spectral range (0.01 ≤ ħω ≤ 1 keV). At present the design-stage is funded as a collaboration between
BESSY, DESY, the Hahn-Meitner-Institute (HMI) in Berlin, and the Max-Born-Institute (MBI) in Berlin. The
design stage focuses on optimization of the FEL as a user light-source, both with respect to its capabilities and in
its performance. Important issues are stability, seeding options of the SASE FEL, wavelength-tunability, syn-
chronization with external laser sources and, on a longer time-scale, the generation of ultra-short (< 20 fs RMS)
optical pulses.

PACS: 41.60.Cr, 42.72.Bj, 07.85.Fv, 29.17.+w,
Keywords: Single-pass Free-Electron Laser, User facility, VUV, Soft X-ray, Proposal

∗ Funded by the Bundesministerium für Bildung, Wissenschaft, Forschung und Technologie (BMBF), the Land Berlin and the Zukunftsfonds des
Landes Berlin.

1. Introduction
The Berliner Elektronenspeicherring-Gesellschaft für

Synchrotronstrahlung (BESSY) operates storage-ring
based synchrotron light-source since 1981. BESSY II
started user operation in January 1999, delivering world
class high brilliance photon beams in the VUV to XUV
spectral range [1]. Based on its experience BESSY now
proposes the construction of a SASE FEL as an addition
to BESSY II, both for its traditional user-community and
for the laser community, which has expressed a broad
scientific interest. The target photon energy range is
10 eV to 1 keV (120 ≥ λ ≥ 1.2 nm) with a peak-brilliance
of (at least) 1031 photons/sec/mm2/mrad2/0.1 % BW, i.e.,
a peak power up to 10 GW. The pulse-duration is fore-
seen to be less then 200 fs (RMS) and ultimately possibly
less then 20 fs.

Presently the design-stage of the project is funded as a
collaboration between BESSY, DESY, HMI and MBI.

2. Machine Description
A view of the site with the existing BESSY II storage-

ring based light-source and the proposed FEL is shown in
fig. 1. The synchrotron facility is located in the circular
building in the center of the triangularly shaped 60,000-
m2 site. The FEL will be placed at the southwest side.
Central part is the 260-m long accelerator based on the
1.3-GHz super-conducting linear accelerator technology
developed at the TESLA-DESY collaboration [2]. At the

right end, a “magnifying glass” enlarges the laser driven
photo-injector with the gun, the first linac module and a
third harmonic cavity. The latter in combination with a set
of bunch-compressors ensure sufficient peak-current to
sustain the SASE process at the desired wavelength.
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Fig. 1. Top: View to the BESSY site at Berlin Adlershof with
the planned SASE below. Bottom: Schematic overview. On the
right, the photo-injector RF-gun followed by a TESLA acceler-
ating module and a 3rd harmonic cavity for efficient bunch-
compression in bc1 and bc2. Twelve modules boost the electron
beam to sufficient energy for lasing at ħω = 1 keV.
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In the first phase of the project, three undulators will
be fed with an electron beam extracted from the linac at a
maximum energy of 700 MeV, 1.1 GeV and at the full
energy of 2.25 GeV. This ensures a flexible selection of
photon energy range from (at least) 10 eV to 1 keV.

undulator: 20 - 50 m

APPLEplanar or helical

~2.5 m

~2.0 m
drift

�

gap
(wavelength change)

� � �� �

� � �� �

(polarization change)

shift

Fig. 2. Design concept for a combination of a planar and an
APPLE II type variable-gap undulator based on the insertion
device technology presently installed in BESSY II [3]. The drift
spaces between undulator-sections are used to focus the electron
beam, phase matching and diagnostics.

To achieve saturation undulators of up to 50 m in
length are needed. For economical and technical reasons,
the device will be split into individual undulator-sections
of approximately 2 m each. Quadrupole magnets for
beam focussing, orbit correctors and beam position
monitors as well as phase shifters will be placed in-
between the successive undulators. Planar hybrid undu-
lators and helical undulators, based on the APPLE II de-
sign, are being used extensively at BESSY II and a long
years experience in the design and construction exists [3].
Using APPLE II devices at the end gives the advantage of
generating circular-polarized light (see fig. 2).
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Fig. 3. GENESIS 1.3 [4] calculation for the shortest wavelength
target of the BESSY FEL for a 50-m long planar undulator (λu =
2.75 cm) and electron beam parameters according to tab. 1. (a)
The time-resolved- and (b) the spectral resolved distribution.
The dashed curve represents a Gaussian fit of the distribution.

3. Peak Performance
The electron beam properties defining the SASE FEL

process are summarized in tab. 1. The main challenge is

the peak current of 5 kA, needed to sustain the SASE pro-
cess at the shortest possible wavelength. These values are
obtained by magnetic compression of a σt = 6 ps long
bunch emerging from the gun, see fig. 1. For longer
wavelength, it is planned to reduce the compression and,
hence, reduce the peak-current and energy-spread. A
GENESIS 1.3 [4] calculation for the highest photon en-
ergy (ħω= 1 keV) for a 50-m long planer undulator as
shown in fig. 2 is presented in fig. 3. The spiking in both
the temporal and spectral domain as shown is typical for a
short-wavelength SASE FEL [5]. Note that the SASE
process shortens the micro-pulse duration as compared to
the electron bunch length (σt ≈ 85 fs).

Tab. 1. Electron beam parameters.
Beam Energy E 0.70 – 2.25 GeV
Bunch Charge Q 1.0 nC
Bunch Length σt 265 – 85 fs
Peak Current I 1.5 – 5.0 kA
Norm. Emittance εn 1.5 πmm mrad
Energy spread σE 0.5 – 2.0 MeV

100 10 1

10
21

10
24

10
27

10
30

10
33

0.01 0.1 1

1000 100 10 1 0.1
10

0

10
3

10
6

10
9

10
12

BESSY II

�
�
 =0.1%

BESSY FEL

TTF FEL

TESLA FEL

wavelength (nm)

p
e
a
k

b
ri
lli

a
n
ce

(p
h
o
to

n
s/

se
c/

m
m

2 /m
ra

d
2 /0

.1
%

b
w

)

UE56U125

U49
U41

photon energy (keV)

p
e
a
k

p
o
w

e
r
(W

)

LCLS

TESLA FEL

TTF

BESSY FEL

wavelength (nm)

1E-3 0.01 0.1 1 10

HHG

U49

APS

U125

ex
ci
m

er
s

R
ub

y

plasma lasers

TW laser

dye
lasers

photon energy (keV)

BESSY

N
d

:G
la

s
s

Fig. 4. Peak brilliance (left) and peak-power (right) vs. wave-
length compared to BESSY II in single-bunch mode (10 mA),
DESY TTF [6], TESLA-FEL [2], and the LCLS [7]. The output
power (right) is also compared to present high power lasers [8]
and sources using higher harmonic generation (HHG) [9].

Fig. 4 displays the range of peak brilliance. The
curves represent a summary of results obtained from
analytical formulas on the SASE FEL performance [5].
For the most relevant parameter combination, for exam-
ple, the performance at the shortest wavelength, the re-
sults have been verified by six-dimensional numerical
simulations [4], e.g., see fig. 3. More detailed perform-
ance analyses are presented in fig. 5. For high beam-
energy a somewhat shorter period undulator is foreseen to
ensure lasing at ħω = 1 keV, while at lower beam-energy
a longer period undulator permits higher output power
and a wider tuning range. The latter reflects the typical
operational mode where at fixed beam energy the wave-
length of the FEL may be changed by changing the mag-
netic field-strength, or K-parameter of the undulator.

The operational mode shown has the advantage that
wavelength tuning by a user is somewhat decoupled from
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the accelerator settings, i.e., the beam energy. As it is
foreseen to provide beam to a multiple of undulators this
is an important factor to decouple the different user ex-
periments in the initial stage of the project. For later
stages, it is foreseen to permit a more flexible mode of
operation where slow wavelength scans with a duration of
minutes ore more can be achieved by undulator gap
changes. Fast scans on the millisecond time-scale or be-
low over a few percent might be possible by small ad-
justments of the electron beam energy.
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Fig. 5. Peak FEL performance (top) and the required planar
undulator length (bottom), including drift-sections. Note that a
multiple set of undulators with different periods is assumed.

4. Timing
As the electron-beam parameters define the peak per-

formance of the laser, the timing defines the time-
averaged specifications. For the timing three different
operational scenarios are being considered (fig. 6):
1. a "CW" FEL with room-temperature photo injector,

i.e., operating the linac in continuous wave mode and
generating 1 to 25 micro bunches minimally spaced
100 ns in trains at a repetition rate of up to 1 kHz

2. a "CW" FEL with super-conducting photo injector,
i.e., operating the linac in continuous-wave mode and
generating 1 micro-bunch in multiples n of the
BESSY II revolution time, i.e., every n×800 ns.

3. a "pulsed" FEL: micro-bunch trains of 7200 bunches,
each bunch spaced by 100 ns are generated at a repe-
tition rate of 10 Hz, similar in bunch pattern to the
DESY TESLA project [2].

BESSY has chosen to follow in two developmental steps
the solutions 1) and 2) because there is a considerable
flexibility in the bunch to bunch spacing to tailor the
bunch patterns for the needs of the users. Furthermore,
the improvement in stability of the RF-system will be a
definite advantage. The fundamental limitation will be set
by the mean electron current, e.g. maximum beam load-
ing, determined by the available RF power. Both versions
have in common that the electron beam from a RF-photo-
injector, - normal- (1) or super-conducting (2) - is accel-
erated in the CW-operated super-conducting linac to an
energy of 2.25 GeV. For scenario 1), which is envisioned
to be the initial scheme, the total electron beam power is

less than 200 kW. Hence, the electron beam can be
dumped in locally shielded beam dump. Scenario 2)
which employs a super-conducting photo-injector will
require recovery of the electron beam energy for n – val-
ues smaller or equal to 10, see tab. 2.

macropulse

100 ms
10 Hz

10 - 700 s�

rf pulse in linac

rf in linac

rf in linac

1 ms

n 800 ns (single pulse)�

500 -
85 fs

100 ns

micropulse
2 s� rf pulse gun

}
(1)

(2)

(3)

Fig. 6. Possible timing patterns for the BESSY FEL for the 3
different scenarios. See text for details.

Performance data corresponding to scenario 1) are
presented in fig. 7. From the figure it follows that the
SASE FEL not only has a superior peak-performance as
compared to modern synchrotron light-sources but also
the average flux is impressive. In the case scenario 2) gets
implemented the curves in fig. 7 are still expected to in-
crease by three orders of magnitude.
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Fig. 7. Time-averaged brilliance (left) and flux (right) vs.
wavelength for timing scenario 1). The average flux has been
reduced to a relative band-with of 10-4. The seeded FEL, oper-
ating at the transform limit, does not use a monochromator.

Note that solution 3) remains open as an fall-back al-
ternative. That is, to obtain sufficient accelerating gradi-
ent the CW solution requires a large amount of cryogenic
cooling, see tab. 2, and possibly a redesign of the cryo-
genic modules of the TESLA project [2]. Even with the
proposed accelerating gradient of 15 MV/m the target
photon energy of 1 keV is only barely in reach. Moreover,
at these higher accelerating gradients an increase in dark-
current from the cavity walls might impede the effective-
ness of the accelerator for the relatively low repetition
rates as with scenario 2. Also the development of a CW
injector with sufficient electron beam quality still needs to
be investigated in more detail.
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Tab. 2. Main parameters for the proposed BESSY-FEL for the three different scenarios described in Sec. 4.

CWNL (1) CWSL (2) Pulsed (3)
Bunch spacing τ 10-7 – 10-3 n* x 8 x 10-7 10-7 s
Macro-pulse duration T 8.5 - 720 µs
Micro-pulse duration (e-beam) σt 200 (85) 2000 (85) 200 (85) fs
Number of bunches N 1 – 25 103 1.25 106 /n 72000 1/s
Photon energy range ħω 0.01 – 1 0.02 – 1 0.01 – 1 keV
Number of photons/pulse N 1.3 1013 1.3 1013 1.3 1013

Peak brilliance # Bp 7 7 7 1031 **

Average brilliance # Ba 0.9 45 / n 2 1023 **

Average flux # Φa 3.2 1017 1.6 1018 /n 9.4 1017 ph/s
Average beam current Ia 1 – 25 1250 /n 72 µA
Maximum accelerating gradient G 15 15 20 MV/m
Maximum beam-energy E 2.25 2.25 2.5 ## GeV
Maximum average beam-loading Pbl 56 + 2810 /n 180 kW
Cryogenic loss @ 2K Pc 3.5 3.5 0.8 kW
Undulator period λu 2.75 2.75 3.5 cm
Undulator length Lu 50 50 55 m
Tuning range ∆λ/λ 30 30 100 %
*

Sub-harmonic of the BESSY II roundtrip time ** Photonen/sec/mm2/mrad2/0.1% bw
# at ħω= 1 keV ## 10 instead of 12 TESLA modules + Requires energy recovery

5. Enhancements
Feedback from potential users [10] has indicated an

interest for enhancements of the FEL performance to
broaden the scientific scope as a user-facility. The most
important request involve:
• synchronized secondary sources to enable pump-probe

experiments.
• shorter optical pulses down to the σt ≤ 20 fs range.
• an improvement of the spectral purity.
The last aspect is anticipated to have a clear solution
where a two-stage FEL scheme, as proposed for the TTF-
FEL [11], may reduce the band-width of the FEL to the
transform limit of the micro-pulse duration. The seeded
option in fig. 7 reflects the expected performance en-
hancement for the BESSY FEL employing this scheme.

Synchronization of a secondary external laser in the
visible with the FEL pulse down to (at least) 200 fs is the
goal of a joint project financed by the EU undertaken at
the TESLA TTF by DESY, MBI, BESSY, the Lund Laser
Center, LURE and the university of Dublin.

Alternative seeding schemes to reduce the pulse-
duration have been proposed at SLAC [12] and at DESY
[13]. Especially the DESY proposal, which involves pulse
slicing with the aid of a visible laser system, is interesting
since it might be implemented such that it auto-
synchronizes a fs FEL pulse with a fs visible laser. A
collaboration between BESSY and MBI is on its way to
investigate the feasibility and the limits of such a scheme.

References
[1] D. Krämer, Proc. of the European Part. Acc. Conf.,

Wien, (2000), p. 640

[2] TESLA-Technical Design Report, DESY 2001-011,
ECFA 2001-209, CD-ROM, March 2001

[3] J. Bahrdt, A. Gaupp, G. Ingold, M. Scheer, W.
Gudat, J. of Synchr. Rad. 5-3 (1998) 443

[4] S. Reiche, Nucl. Instrum. Meth. A429 (1999) 243

[5] The Physics of Free Electron Lasers, E.L. Saldin,
E.A. Schneidmiller, M.V. Yurkov, Springer, Berlin-
Heidelberg (2000).

[6] J. Rossbach, Nucl. Instr. Meth. A375 (1996) 269

[7] SLAC report R-521, Dec. 1998

[8] Brookhaven National Laboratory, BNL-48565, Feb.
1993

[9] M. Schnürer, Z. Cheng, M. Hentschel, F. Krausz, T.
Wilhein, D. Hambach, G. Schmahl, M. Drescher, Y.
Lim, U. Heinzmann, Appl. Phys. B. 70 [Suppl.],
S227 (2000)

[10] Workshop related to the BESSY FEL, BESSY
internal puplication, Holzhau Germany, Jan. 2001

[11] E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov,
Nucl. Instrum. Meth. A445, 178 (2000)

[12] C. B. Schroeder, C. Pellegrini, S. Reiche, J. Arthur,
P. Emma, Proc. Of the 2001 Particle Accelerator
Conference, Chicago, USA (2001) WPPH121

[13] W. Brefeld, B. Faatz, J. Feldhaus, M. Körfer, T.
Möller, J. Pflueger, J. Rossbach, E.L. Saldin, E.A.
Schneidmiller, S. Schreiber, J. Krzywinski, and
M.V. Yurkov, DESY report 01-063 (2001)



Development of a TV diagnostics system for the Photo Injector Test
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A Photo Injector Test facility is under commissioning at DESY Zeuthen (PITZ). The aim is to develop and

operate an optimized photo injector for future free electron lasers and linear colliders. The optimization of an

electron gun is only possible based on an extended diagnostics system including a TV-system. The goal of the

TV-system is measuring the electron beam position and beam pro�le at di�erent positions along the beam line.

Several demands of the system are described, for example the alternative of object size and high optical resolution.

Radiation damage of the components has to be avoided. Solutions for the depth-of-�eld problem will be given.

The optical system will be optimized concerning di�erent e�ects on optical resolution as di�raction, depth of �eld,

pixel size of the camera and e�ects of di�erent elements of the optical system.

1. Introduction

A Photoinjector Test Facility is in commis-

sioning phase at DESY Zeuthen (PITZ)[1]. The

project was originated by a collaboration of

BESSY (Berlin), DESY (Hamburg and Zeuthen),

Max-Born-Institute (Berlin) and Technische Un-

versit�at (Darmstadt) and is funded partially by

the HGF-Vernetzungsfonds. The goal of PITZ is

to operate a test facility for laser driven RF guns

and to optimize photo injectors for the operation

of Free Electron Lasers (FEL) and the TESLA

linear collider. First photoelectrons will be pro-

duced in autumn 2001 [2].

To provide an optimization of the setup and its

components a complex diagnostics system will be

used [3]. One of the most 
exible and universal

diagnostics subsystems is the TV-system which is

under development.

2. Characteristics of the TV-system

Several channels of the TV-system will be

used to analyse the light distribution produced

by an electron beam hitting a YAG-powder

(Yttrium-Aluminium-granate) screen. Beam po-

sition, beam pro�le and intensity distribution

will be measured. Furthermore, it is foreseen

to measure the light intensity distribution behind

an Emittance Measurement System (EMSY). In

the dispersive arm of the magnet spectrome-

ter the beam energy spectrum will be measured

analysing the corresponding light distribution de-

tected by the TV-system. The virtual cathode

system of PITZ is also based on a TV-readout.

Basing on these general tasks, several charac-

teristics of the PITZ TV-system can be speci�ed.

The light distribution created by a YAG screen is

to be projected by lenses at di�erent magni�ca-

tions onto the camera sensor. The range of mag-

ni�cation is de�ned between an overview over the

whole screen (magni�cation 0.24) and a \micro-

scopic" view (magni�cation 10) where a resolu-

tion of < 10�m should be reached. It is aimed

to reach a resolution of the order of 1�m for

analysing the pattern behind the EMSY system.

Consequently, the object �eld is restricted in the

operation mode of high resolution. The measure-

ment of magni�cation should be possible in all

operation modes basing on a grid in the screen

plane. The YAG screen can be illuminated for

this purpose. The resolution can be measured in

all operation modes using an illuminated grid in a

second arm of the system which can be activated

by a movable mirror. Radiation damage and a di-

rect illumination of the camera by X-rays will be

avoided by projection in a 90o scheme using one

mirror. A schematic of the system is shown in
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Fig. 1. The video signal is read out and analysed

Figure 1. Schematic of the setup optical System

of the TV{System.

by a computer based framegrabber (BESSY) over

a distance of about 40m. The camera of the type

JAI M10RS has a 1/2" black/white sensor and is

read out in the progressive scan mode. The sensor

consists of 782� 582 pixels. The pixel dimensions

are 8.3�m � 8.3�m . External gain control and

external trigger are foreseen. The control of the

camera is realized via a RS 232 interface. The

characteristic curve of the sensor is linear.

The depth-of-�eld problem which arises be-

cause of the 45o position of the YAG screen rela-

tive to the electron beam and the optical axis can

be solved using the view screen camera geometry.

In this case the image plane is inclined relative to

a normal position to the optical axis.

To overcome the problems of distance and of

access to the setup, several functions of the TV-

system as focus, diaphragm and focal length will

be remotely controlled. At the present stage of

the project investigations to perform a choice of

lenses is performed. Especially di�erent in
u-

ences on resolution are under investigation. In

Fig. 2 the in
uence of di�raction, depth of �eld,

lens resolution and camera resolution are plot-

ted to evaluate the process for di�erent param-

eters of imaging. In this example the depth of

Figure 2. In
uence of several e�ects on optical

resolution

�eld of 2 mm is the hardest limitation for resolu-

tion. One could overcome this problem applying

the viewscreen camera principle. In this case the

drawback is a non-uniform magni�cation in the

�eld. In the case of small defocusing one can �nd

the optimum of the combined e�ects of defocusing

and di�raction at a f-number of about 10. In this

case, the limitation of resolution is caused by lens

and camera. The limitation of the camera (pixel

size) can be eliminated by higher magni�cation,

which leads to a smaller object �eld. Obviously,

one can match f-number and magni�cation such,

that the resolution of the lens remains the limiting

factor. Hereby, the solution of the depth-of-�eld

problem is assumed.
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Studiesof the collimation systemfor the TTF FEL at
DESY

V. Balandin,N. GolubevaandM. K
�� rfer

Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany

Abstract

A collimation schemefor the protectionof the undulatorsat the TESLA TestFacility
phase2 (TTF2) is discussed.The transverseand energy collimation, and the protection
againstoff-energy and mis-steeredbunchesare proposedin a beamline which, besides
of collimationelements,integratesthe fastfeedbacksystemandmatchesthebeamto the
undulatorentrance.

Key words: Beamdynamics,collimators,apertures,freeelectronlaser
PACS: 41.75.i, 42.79.Ag,41.60.Cr

1 Intr oduction

Theexperienceof theTTF phaseI indicatesthata protectionsystemfor theundulatoris desir-

able[1]. In this paperstudiesof thecollimationsystemfor theTTF phase2 [2] arepresented

anddiscussed.

Dueto limitationsof availablespaceit is proposedto placetheTTF2 collimationsystemin the

beamline with a dogleg of ������� length(Figure1), which,besidesthecollimationelements,

hasto containthefastfeedbacksystemandto matchthebeamto theundulatorentrance[2]. So

it wasimpossibleto usetheadvantagesof thepopularspoiler-absorberscheme,andhaving only

a limited numberof availablefreepositions,all proposedcollimatorsareconsideredasprimary

collimators.Energy collimationandpassiveprotectionagainstoff-energy bunchesareachieved

in thedogleg with horizontaldispersion.
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Fig. 1. Opticalfunctionsof theTTF2 collimatorsection.

2 Protection againstprimary particles

In the first stepof our studieswe have usedthe ”black absorber”modelfor the collimators-

any particletouchingthemis consideredlost.Thepurposewasto find thecollimator locations

andto determinethesetof apertureswhich will stopall particleswhich canhit theundulators

without touchingthecollimators(protectingapertures).It is clearthatonly suchaperturescan

be the subjectof further studieswhich will take into accountsecondaryparticlesand those

rescatteredinto the beam.Becauseof two strongsextupoleswhich whereusedin the dogleg

for the correctionof the secondorderdispersion,it wasnot possibleto limit the calculations

to linear opticsonly. In addition it wasdesirableto avoid uncontrolledlossesof the primary

particleson thebeampipein thecollimationsection.

It is notpossibleto describethewholesetof protectingaperturesconstructively. Howeverif we

restrictourselvesto practicallyvaluableapertures(for example,with elliptical or rectangular

shape),it canbeachieved.After choosingfor eachcollimatorthetotally orderedscaleof aper-

tures(seedetailsin [3]), the distribution of the particlescominginto the collimation section,

andtheparticletrackingalgorithm,it becomespossibleto mapthesetof protectingapertures

8



into a simply connectedsubsetin thefinite dimensionalspace.A specialnumericalprocedure

has
�

beendevelopedwhich allows us to find thebordersof this subsetandthento make some

additionaloptimizationwithin thissubset,if necessary.

In this studywe have usedcircular holesasapertures,the requirementto maximizethe min-

imum collimator radius is an additionaloptimizationcriteria, and as particle tracking algo-

rithm thesymplecticnumericalintegrationof theexactHamiltonianequationsof motionin the

SCOFFapproximationwasused(thusall geometricalandchromaticaberrationswere taken

into account).

Becausethe distribution of the incoming particles,which needto be collimated,is difficult

to predict precisely(it dependson how well the upstreamsystemhasbeentuned,on emis-

sion of dark current,andso on) the initial distribution wasmodeledby 4-dimensionalslices��� �"!$#%�'&(��!*),+-�
with a transverseextent over the radiusof the vacuumchamberat the colli-

mationsectionentrance(themaximumvaluesfor momentum
!$#

and
!*)

werechosensoasto

fully populatethe acceptanceof the transportline), andwith the samevalueof energy devi-

ation .0/213/54 for all particlesin eachslice (monochromatic.0/21�/64 - fractions).The above

mentionedoptimizationprocedurewasperformedfor eachsliceseparatelyandtheresultsare

presentedasa functionof theenergy deviation.

Figure2 shows theresultingmaximizedminimal apertureradiusin theenergy deviation range

of 798��": ;<.=/>1�/64?;A@B��8%: . Thecollimationschemeconsideredincludes4 collimators,2

collimatorsin thefirst straightpartof thecollimationsectionand2collimatorsin thedogleg(see

Figure1). Theminimumvalueof �C�D�E� , seenin Figure2, meansthatat leastonecollimator

muststaywithin suchapertureradius.With carefuladditionaloptimizationit wasshown that3

collimatorsmustkeepthisvalueasapertureradius,andtheradiusof thefirst energy collimator

(placedjust afterthefirst dipolemagnetin thedogleg) canbesafelyincreasedto F��E� .

Notethatthemaximizedminimal apertureradiuscanbeincreasedup to �HG*IJ�D�E� by shifting

oneof thetwo first collimatorsplacedin thestraightsectionbeforethedogleg into thestraight

sectionafter the dogleg (this wasthe first schemeconsidered).But in this casewe will have

uncontrolledlossesof primaryparticleson thebeampipebetweenthecollimators,which can

leadto beampipedamageif thebeamis off-energy or (and)mis-steered.In orderto avoid these

lossesoneneedsto reducetheapertureradiusof two energy collimatorsto ��KL�E� .
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3 Additional tracking studieswith primary particles

After fixing theapertureradii ( F��E� for thefirst energy collimatorand �D�E� for theremaining

collimators) the collimatorswere taperedon both sidesto reducethe wakefield effects (the

lengthof eachcollimatorincludingtapersis chosento be 8��ONP� ) [4].

Additional trackingsimulations,importantfor furtherevaluationof collimationefficiency, were

performedwith taperedcollimatorsto study:how lostprimaryparticlesaredistributedbetween

the four collimatorsandalongthecollimator length;to find themaximumandaverageangles

at which primary particlesheatthe collimator surface;andwhich monochromatic.0/21�/64 -

fractionsof incomingparticleswill bestoppedby thecollimationsystemcompletely. As anex-

ample,Figure3 showsthelossdistributionof primaryparticlesonthesecondenergy collimator.

We seethatmostof thecapturedparticlesareinterceptedby thefacesurfaceandtheentrance

taper, andonly lessthan KQ: of all particlesabsorbedby this collimator hit the inner surface,

which is parallelto thebeamline axis(themainpartof thecollimator).
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4 Choiceof collimator material

The propertiesof copperandtitanium aspossiblecandidatesfor the collimator materialhave

beeninvestigatedandcompared.Both thesurvival of thematerialin theemergency case,when

a few designbunchesof thetraincandirectlyhit thecollimator, andtheheatloadundernormal

operatingconditions,whenonly thebeamhalo is interceptedby thecollimators,wereconsid-

ered.Herewe list briefly themaindirectionsof thosestudies,all detailscanbefoundin [3].

For the studyof the survival of collimator materialin the emergency casethe direct impacts

of designbuncheson the collimatorsweresimulatedusing the EGS4code[5]. The energy-

densitydepositionin both materialsasa function of longitudinalandtransversepositionshas

beencalculatedfor all possiblelocationsof collimatorsin thebeamline, takinginto accountthe

changingbeamspotsizewith energy andtherelativeenergy spreadwithin thebunch(which is

importantfor collimatorsplacedin the dispersive sectionof thebeamline). In both materials

in the energy rangeof �*IRGS7TK%IR�VUBWQX the maximumenergy-densitydepositionoccursin the
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first few millimiters from thematerialsurface.Thethermalandstressanalyseshave beenper-

formed
Y

which have shown that the main problemof materialsurvival comesfrom the energy

collimators,becausethey arelocatedin thedogleg, wherethebetatronfunctionsaresmall.

Undernormaloperatingconditionsthe distribution of temperaturein the collimator hasbeen

obtainedasa solutionof the heatconductionequationfor stationaryandnonstationarycases

assumingthat the outer collimator surfaceis cooledby circulating water, and � �%: of the

averagepower, thatis about K%IZ8O[$\ , is absorbedby asinglecollimator.

As the result,we have chosencopperfor the collimator-absorbers,becausea coppercollima-

tor givesusbetterthermalbehaviour andbettercollimationefficiency undernormaloperating

conditionsthana titaniumone.To improve survival, thefirst few centimetresof thecollimator

couldbemadefrom titanium.

5 Secondaryparticles and rough estimation of collimation efficiency

To studytheeffect of secondaryandrescatteredparticles,we have useda combinationof the

TrackFMN [6] andthe EGS4[5] programsso that,betweencollimators,particles(electrons,

positronsandphotons)weretransportedusingthe TrackFMN code,andthe passagethrough

thebeamline sectionscontainingtaperedcoppercollimatorswassimulatedwith EGS4Monte-

Carlo code.Figure4 shows an exampleof suchsimulationswhen10 electronshit the inner

surfaceof the collimator. Oneseesthe rescatteredparticles,the secondaryparticlesproduced

(both will be thenpicked up by TrackFMN codeandtracked further throughthe beamline),

andthedevelopmentof theelectromagneticshower in thecollimatormaterial.

For theestimationof thecollimationefficiency, thecollimatorshave beenhit by pencilbeams

at differentpointson the surfaceat angleswhich arepossiblefor eachcollimator andwhich

werecalculatedin theblackabsorbermodel.Theresultingrescatteredandsecondaryparticles

werethentrackedfurtherthroughthedownstreambeamline andtheundulatoraccordingto the

above describedprocedure.Thesestudieshave shown that the main problemis the scattered

electronsfrom the secondenergy collimator after which thereare no more collimators.The

problemsstartwhenparticleshit theinnersurfaceof themainpartof thiscollimatorwith small

entranceangles.In theworstcasethescatteredelectronstransmit �]���": of the input energy,
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but only � KQ: of theinputenergy is recordedto belost in theundulator.

Theaccurateestimationof thecollimationefficiency requirestheknowledgeof thebeamhalo

distributionandthefollowing convolutionof thisdistributionwith theresultsof thepencilbeam

investigations(in the spirit of [7]). How canwe estimatethe collimation efficiency without a

knowledgeof thebeamhalodistribution?We canassumethat KQ: of thebeamparticleshit the

lastcollimator, so,taking into accountthatonly lessthan KQ: of thoseparticlesreachtheinner

surfaceof themainpartof thatcollimator, wemayconcludethataroutinecollimationefficiency

(definedastheratio of energy depositedin theundulatorto total beamenergy) will not exceed

��K,�_^_` .
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A photo injector test facility is in the commissioningphaseat DESY Zeuthenwithin a cooperationof BESSY, DESY,
MBI andTU-Darmstadt.The aim is to develop andoperatean optimizedphoto injector for future free electronlasersand
linearacceleratorswhich requireextraordinarybeamproperties.Thescientificgoals,theplannedandexisting hardwareand
the developmentsfor the photo injector facility arebriefly described.First operationof the rf gun is expectedfor autumn
2001. Evenhighergradientsareaimedfor in Zeuthenthanachieved todayin similar rf guns,so that in thenearfuturemore
conditioningwork of therf gunneedsto bedone.Theeffectswhichmighthappenduringconditioningbasedontheexperiences
gainedsofar in Hamburg (at theFEL andtheFNAL guns)arebriefly described.Informationaboutdiagnosticelementsat the
rf gunandtherequirementsfor a simplificationof theupcomingconditioningwork aregiven.

1. Introduction

A photoinjector testfacility is in thecommission-
ingphaseatDESYZeuthenin orderto optimizeinjec-
torsfor differentapplicationslike freeelectronlasers,
productionof flat beamsfor linearcollidersandpolar-
ized electronsources[1]. The experimentalsetupin
thestartup phaseis shown in Fig. 1. A primarygoal
is thestableproductionof shortelectronbunches( �
20ps)with a transverseemittanceof � ���

mm mrad
at 1nC anda smallenergy spread.We expectto pro-
ducefirst photoelectronswith energiesup to 5MeV
in autumn2001.
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Theprojectis partially fundedby theHGF Vernetzungsfond.

2. Plans

Measurementsof the transverseand longitudinal
phasespacewill allow adetailedcomparisonbetween
experimentalresultsand simulationsafter the com-
missioningof the facility. The integratedoptimiza-
tion of all componentsof the photo injector is also
foreseen,especiallyfor the subsequentoperationat
theTESLA TestFacility - FreeElectronLaser(TTF-
FEL). Presentlywework on thedevelopmentandim-
provementof beamdiagnostics[2,3], andon the de-
velopmentof anautomaticconditioningprogramfor
rf guns[4].

3. Conditioning of the cavity

Conditioningof a normalconductingcavity is the
successive increaseof rf power in the cavity in or-
der to achieve high gradients.It is a time consuming
and boring work. To increasethe efficiency and to
protectthe rf gun it is plannedto develop an Auto-
maticConditioningProgram(ACP).Theaimis to get
evenhighergradients( ��
�� MV/m) in therf gunthan
achievedtodayin similarnormalconductingcavities.

3.1. Which effects could happen?
A fundamentalprocessin a high gradientcavity is

field emissionof electronsfrom protrusionson the
surface. Electronswhich hit the cavity with some
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keVcanproducesecondaryelectrons.If thetrajectory
of thosesecondariesterminatescloseto theemission
sideof theprimaryelectrona resonantphenomenom
canappearcalledmultipacting. A differenteffect is
a sparkwhich is accompaniedby a stronglight emis-
sion, a strongreflectedpower signalandan increase
of thevacuumpressure.Probablyit canbeexplained
by an exponantiallyincreasingemissionof electrons
from a protrusiondueto field emissionandtheheat-
ing of the protrusion. All theseeffects guide to an
increaseof vacuumpressureandcandestroy cathode,
cavity, rf window or rf coupler. The detailsof these
processesarenot well understood.For exampledur-
ing conditiongof the rf gun at TTF it hasbeenob-
servedthattheprobabilityfor aneventwhichhappens
in the beginning of an rf pulseis influencedby the
lengthof thepreviousrf pulse.It seemsto beamem-
ory effect of the cavity with respectto the rf pulse
structure.

3.2. Automatic Conditioning Program
TheACPhastocontroltherf powerandto reactap-

propriatelyon interlocksignals.Severaldetectorsare
installedcloseto the rf coupler, rf window andcav-
ity. Fastsignalsfrom photomultipliersinterrupttherf
power within an rf pulseso that the conditionioning
canbecontinuedwith thenext rf pulse.Slow signals
from temperatureor vacuumpressuresensorsinter-
rupt the conditioning to offer a recovering time for
the rf gun. The ACP works on the rf power � . The
gradient

��
canbeobtainedby the relation

������ � .
After resettinganinterlocktheprogramincreasesthe
power rapidly. To conditionmultipactingeffectsthe
programcansweepthe solenoidalfield additionally.
Within the dangerouspower region the power is in-
creasedslowly until the alarm thresholdis reached
just below the level at which the interlock occured.
Thepowercouldbeturneddown by asignificantstep
and than slowly increasedagainfor a while to im-
provethevacuum(seeFig. 2). Thenthealarmthresh-
old is increased.

3.3. Data acquisition and analysis
During theconditioningprocessof thecavity slow

and fast signals will be read out, so that a huge
amountof datawill grow up. Reasonableselections
of recordeddataandanalysisprogramsarerequired.
A solutionis offeredwith ROOT which is an object

orienteddatabasefor largescaledataanalysisdevel-
opedat CERN.Root is basedon C++ andoffersalso
capabilitesfor datacompressionandanalysisduring
standardoperation,especiallyfor a useat TTF-FEL
at a laterdate. However, presentlya deeperanalysis
of theACPdatawill berealizedby aneventrecorder
readingout the fastsignalsjust in caseof significant
datacontent.
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Figure2. Sketchof rf power controlof theACP.
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Abstract

A new designfor multistageHigh-GainHarmonicGeneration(HGHG) schemeis pro-
posed.Themaindifferencewith previousHGHGschemesis thatin ourschemetheHGHG
techniquecanbeappliedmorethanoncein a HGHG chain(singlebunchscheme).This is
consequenceof thefact that thegrowth of theenergy spreaddueto theHGHG processin
our caseis muchlessthaninitial energy spread,andexponentialgrowth ratein themain
undulatoris practically the sameas without stagesequence.Problemsrelating to X-ray
HGHG FEL arediscussed.Our studieshave shown that thefrequency multiplicationpro-
cessproducesa noisedegradationproportionalto at leastthesquareof themultiplication
ratio.Thispreventsoperationof HGHG FEL at avery shortwavelengthrange.Theresults
presentedin thispaperhave demonstratedthattheHGHG FEL approachis quiteadequate
for theVUV coherentsource,but not scalableto X-ray devices.

1 Introduction

Theimprovementof thelongitudinalcoherenceof theX-ray SASEFEL is of greatpractical
importance.At presenttwo ways to overcomethis problemare underdevelopment.One of
them is basedon an idea to usea self-seedingscheme[1,2]. Another approachto produce
completelycoherentradiationconsistsin utilizing a high-gainharmonicgeneration(HGHG)
FEL scheme.In theHGHG FEL the radiationoutputis derived from a coherentsubharmonic
seedpulse.Consequently, theopticalpropertiesof theHGHGFEL areexpectedto beamapof
thecharacteristicsof thehigh-qualityseedlaser. Thishasthebenefitof providing radiationwith
a high degreeof stability andcontrol of the centralwavelength,bandwidthenergy andpulse
durationwhich is absentfrom theSASEFEL source[3–7]. An ideaof usingtwo undulators,
with thesecondundulatorresonantto oneof theharmonicsof thefirst one,hasbeenproposed
in [3]. The next stepin this directionwastaken in [4], wheredispersionsectionis introduced
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Fig. 1. SinglebunchHGHG FEL schemeproposedin thispaper

betweenthetwo undulators.Recently, anapproachutilizing aHGHGscheme,which is capable
of producinglongitudinallycoherentpulses,wasdemonstratedexperimentally[8,9].

To generateshortwavelengthswehave to go to a highharmonicnumber. In orderto obtain
anefficient coherentharmonicgeneration,theenergy modulation��� , introducedby themod-
ulator, needsto be larger thanthe initial energy spreadby the factorof harmonicnumber 	 .
Therefore,for very high harmonics,theenergy modulationbecomesvery largeandthis makes
the exponentialgrowth gain length too large. This problemcanbe solved with a multistage
HGHG scheme[10]. A simplesolution to solve the energy spreadproblem,which hasbeen
proposedin [10], is to usefreshelectronbunchesin eachstage.Oncethe coherentharmonic
generationprocessin thefirst stageis over, theresultingradiationat frequency 4 
 is guidedto
the next amplifier/radiatorunit for interactionwith a freshelectronbunch.Following thesec-
ondstagetheradiationat frequency 16 
 entersthethird stage.Like thesecondstage,thethird
stagemakesuseof freshelectronbunches,etc.Theresultsof thesestudiesareconsideredvery
promisingbecausethey indicatethat theHGHG FEL techniquecouldallow theproductionof
fully coherentX-rays[10].

In this paperwe proposean ideafor a single-bunch,multistageHGHG FEL scheme(see
Fig, 1). Eachstage(exceptthefirst stage)consistsof a radiatorundulator, first dispersionsec-
tion (demodulator),FEL amplifierundulatorandend-stagedispersionsection(modulator).The
proposedschemeoperatesasfollows.Thefirst stageis aconventionalFEL amplifierseededby
an external laser. The seedlaserpulseis timed to overlapwith the electronbunch.This laser
pulseinteractswith theelectronbeamin thefirst undulator, which is tunedto beresonantto the
seedradiationwavelength.Theundulatoris followedby adispersionsectionto increasespatial
bunching.In contrastto usualtheHGHGapproach[4], in ourschemethedensitymodulationat
thefundamentalfrequency at theexit of thedispersionsectionis about10%only. Nevertheless,
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at the chosenparameters,the amplitudeof the secondharmonicof the densitymodulationis
highenough,about1%,anddominatessignificantlyovertheamplitudeof shotnoiseharmonics
(about0.01%). Thismodulationdensityservesasaninput signalfor thesecondstagewhich is
resonantto thesecondharmonic.An importantfeatureof ourdesignis thataverysmallenergy
modulationis sufficient to produce10%microbunchingin thedispersionsection.In particular,
theamplitudeof theenergy modulation��� canbemuchsmallerthanthenatural(local)energy
spreadin theelectronbeam����
�� . Theanalysisof theparametersof thesubharmonicallyseeded
FEL hasshown that it will operatereliably evenfor anenergy modulationamplitudeequalto������������������
�� (seeSec.2for moredetails).

Figure 1 illustrateshow the soft X-ray wavelengthrangemay be reachedby successive
multiplication ( 
�� � 
!� "�
#� $�
!� %'&�
!� (�� 
 ) in a stagesequence.Following the
first stage(FEL amplifier undulatorand dispersionsection)the electronbeamand the seed
radiationentera shortundulator(radiator)which is resonantwith thesecondharmonicof the
seedradiation.In theradiatortheseedradiationplaysnoroleandis diffractedoutof theelectron
beam,while thebunchedbeamgeneratesradiationwith frequency 2
 . At theexit of theradiator
undulatorthe radiationpower exceedssignificantly the effective power of shot noise.After
leaving theradiatortheelectronbeamis guidedthroughadispersionsection(demodulator).The
functionof thisdispersionsectionconsistsin suppressingthedensityandenergy modulationof
theelectronbunchproducedin thefirst stage.Theproblemof suppressingthebeammodulation
canbesolvedquitenaturallydueto thepresenceof thelocalenergy spreadin theelectronbeam.
After passingthedispersionsection,thedemodulatedelectronbeamenterstheFEL amplifier
andamplifiesin exponentialregime theradiationwith frequency 2
 producedby the radiator
undulator. The lengthof the FEL amplifier undulatoris chosenin sucha way that theenergy
modulationat the undulatorexit hasthe samevalueof ���)�*�+�,���-����
�� asat the exit of the
first stage.This energy modulationis then convertedto spatialbunchingwhile the electron
beamtraversestheend-stagedispersionsection(modulator).Thevaluesof the2ndandthe4th
harmonicsof densitymodulationat thesecondstageexit areabout10%and1%, respectively.
Thesevaluesareapproximatelythe sameas the amplitudesof the 1st and2nd harmonicsat
first stageexit. Following the secondstagethe beamentersthe third stagewhich is resonant
with 4thharmonicof theseedradiation,etc.Finally, afterthe5thstagetheelectronbeamenters
main undulatorwhich is resonantto the 32th harmonicof the seedradiation.The processof
amplificationin themainundulatorstartsfrom themodulationof thebeamdensity. By thetime
thebeamis overbunchedin themainundulator, the32
 radiationreachessaturation.In order
to reachsaturation,the main undulatorshouldbe sufficient long. An importantfeatureof the
proposedschemeis that the energy modulation(i.e. correlatedenergy spread)inducedin the. th stage,transformsto local (i.e. uncorrelated)energy spreadin the / .10 % 2 th stage.As a
result, the dispersionof the electronenergy distribution at the exit of the multistagescheme
is calculatedasthesumof induceddispersions.Thesmall energy perturbationof theelectron
beamis oneof theadvantagesof theadoptedsubharmonicallyseededFEL design.For instance,
thetotal energy spreadgeneratedto theendof the5th stage,canbeestimatedas 3 45/6���7298;:=<3 /6����
���2>8 0 ��?@�����A?B/C���D2>8E< %��,��F-����
�� for ���G�H�+���-�-����
�� which doesnot differ much
from the numberobtainedfrom numericalsimulations(seeSec.5 for more details).Sucha
smalldegradationof theenergy spreadallows effectivegenerationof powerful radiationin the
mainundulator.

Up to now operationof HGHG schemeshasbeenanalyzedwithin theframework of ideal-
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izedmodelswhichdonot take into accountshotnoiseeffects[4–7]. Theresultsof thesestudies
wereverypromisingandallowedtheauthorsto maketheconclusionthatHGHGFEL technique
would allow to reachtheX-ray wavelengthrangestartingfrom visible light. In this paperwe
take into accountshotnoisein the electronbeam.It hasbeenfound that a generaldisadvan-
tageof HGHG FEL schemes(aswell asany frequency multiplicationscheme)is dueto strong
noisedegradationof thepropertiesof outputradiationwith increasingharmonicnumber	 . In
thecaseof HGHG FEL this meansthattheeffect of frequency multiplicationby a factorof 	
resultsin multiplicationof the ratio of noisepower to carrierby a factorof 	 8 . This prevents
successfuloperationof HGHGFEL atveryshortwavelengths.Onthebasisof ourstudywecan
make thedefiniteconclusionthattheapplicabilityregion of theHGHG schemeis significantly
narrower thanclaimedbefore.Theresultspresentedin this paperdemonstratethat theHGHG
schemeis quiteadequatefor the10-100nmcoherentlight source,but cannotbeusedto produce
hardX-rays.It is explicitly shown thatnoisedegradationpreventsoperationHGHG multistage
schemeat Angstromwavelengthrange.

2 General description of subharmonically seeded multistage HGHG FEL

Thelayoutof thesubharmonicallyseededFEL is shown schematicallyin Fig. 1. Facility for
productionof fully coherentsoft X-ray pulsesconsistsof a seedlaser, five stagesof frequency
doublingandmainundulator. Thefirst stageof frequency doubling(260 � 130nm)consistsof
FEL amplifierundulator, anddispersionsectionfor thebeamdensitymodulation.Thescheme
operatesas follows. The seedlaserpulseof 5 ps durationand10 MW peakpower is timed
to overlap with the electronbunch.This laserpulse interactswith the electronbeamin the
first undulator, which is tunedto beresonantto seedradiationwavelength.Thetop of theseed
radiationpulseof 5 psdurationcanbeeasilytunedto thearrival timeof theshortelectronbunch
at thepredictedabsolutejitter of about IA% ps.Radiationpower is exponentiallyamplifiedupon
passingthroughthefirst undulator. Theamplitudeof energy modulationof theelectronbeam
at theundulatorexit is equalto 0.3 MeV, while thebeamdensitymodulationis not sufficient
to drive thesecondstage.Therequiredvalueof thebeambunchingat thesecondharmonicof
about0.01is achievedwhentheelectronbeampassesthroughdispersionsection.In this case
the amplitudeof the secondharmonicof the densitymodulationdominatessignificantlyover
the amplitudeof shotnoiseharmonic(of about0.01 %), andit servesasinput signal for the
secondstage.

Optimal parametersof the dispersionsectioncanbe calculatedin the following way. The
phasespacedistribution of the particlesin the first FEL amplifier is describedin termsof
the distribution function JK/6L�M5NO2 written in ”energy-phase”variablesLH�P�!QR��S and N!�T-UWV 0 
XS / VZY-[ Q]\^2 , where �_S is the nominalenergy of the particle,

T�U �H� ` Y�a+U is the un-
dulatorwavenumber, and 
KS is the frequency of the seedradiation.Beforeenteringthe first
undulator, theelectrondistribution is assumedto beGaussianin energy anduniform in phaseN . The presentstudyassumesthe densitymodulationat the endof first undulatorto be very
small comparedto the desiredvalue(10 %) andthereis an energy modulation LXScbedgf�N only.
After passingthroughthedispersionsectionwith dispersionstrengthh_N Y h�L , theelectronsof
phaseN andenergy deviation L will cometo a new phaseN 0 Lih�N Y h�L . The integrationof
”energy-phase”distributionoverenergy providesthebeamdensitydistribution,andtheFourier
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Fig.2.Schematicillustrationof designconfigurationfor thesecondstageof subharmonicallyseededsoft
X-ray FEL at TTF

expansionof this functiongivestheharmoniccomponentsof thedensitymodulationconverted
from theenergy modulation[4]:jkl j JK/6L�M5NO2+h�Lm�n% 0 � jop'qsr�tvu�w xy Q %� . 8 45/6���72 8 :�z h�Nh{L}| 8>~�?�� p z . L�S h�Nh{L |���� b�/ . NO2�� (1)

TheBesselfunctionfactorrepresentsthemicrobunching.If its argumentis muchsmallerthan
unity, themicrobunchingwouldbereducedproportionallyto its . th power. Hence,LXSch�N Y h�L
must be comparableto � r , where � r is the desirablevalue of first harmonicbunching fac-
tor. The first exponentialfactorshows that the energy spreadsuppressessignificantlythe mi-
crobunchingwhen ����h_N Y h�L < � r 3 45/C���72 8 : Y LXS is larger or equal to unity. Hence,the
energy modulationcanbesmallerthantheenergy spreadin orderto haveasmallfirst harmonic
components( � r�� % ). Parametersin our caseare: 3 45/6���7298;:�< % MeV, LXS�<��+�,��� MeV,LXSch�N Y h�L < ���g%�& . Put theseparametersin (1) we find the amplitudesof the first and the
secondharmonicof densitymodulation:� r <m�+��%�(+M�� 8 <��+���+% .

Theabove considerationof thebunchingprocesshasbeentreatedwithin theframework of
a singleparticledynamictheory. Oneshouldcarealsoaboutavoiding coherentsynchrotronra-
diation(CSR)effects.Theelectricfield of CSRinducesanenergy modulationalongthebunch.
Calculationsof thecorrelatedenergy spreadgrowth dueto CSRshowsthatthis shouldnotbea
limitation in our case(see[14] for moredetails).

Anotherharmfuleffect which mayinfluencetheoperationof a HGHG schemeis thespace
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charge.Calculationsof the spacecharge force in the beambunchedat 260 nm show that this
shouldbe a seriouslimitation in our case.The electric field of the spacecharge inducesthe
additionalenergy modulationat 260nm wavelength.If we calculateplasmaoscillationalong
the HGHG scheme,the spacecharge inducedenergy modulationis predictedto be about0.5
MeV. Specificdesignof thesecondstageis proposedfor preparationof theelectronbeamwith
therequiredenergy spreadin orderto overcometheproblemof plasmaoscillation.Thedesign
configurationof the secondstageis shown in Fig. 2. The stageconsistsof a shortundulator
(radiator),dispersionsection(demodulator),high-gainFEL amplifierandend-stagedispersion
section(modulator).

Following thefirst stagethebeamandseedradiationentershortundulator(radiator)which
is resonantwith secondharmonicof seedradiation(130nm). In theradiatortheseedradiation
playsno role andis diffractedout of the electronbeam.However, a new 130 nm radiationis
generatedby thedensity-modulatedelectronbeamandrapidly reachesMW-level peakpower.
After theradiatortheelectronbeamis guidedthrougha dispersionsection( magneticchicane)
andthe130nm radiationbeamentersthegrazingmirror system(seeFig. 2). The functionof
this chicaneconsistsin suppressingthe 260 nm modulationof the electronbunch produced
in the first stage.The function of the mirror systemconsistsin makingthe pathlengthof the
electronandtheradiationbeamto beequal.Thetrajectoryof theelectronbeamin thechicane
hastheshapeof anisoscelestrianglewith thebaseequalto � . Theangleadjacentto thebase,� ,
is consideredto besmall.Theproblemof suppressingthebeammodulationinducedin thefirst
stagecanbesolvedquitenaturallydueto thepresenceof thelocalenergy spreadin theelectron
beam.Parametersin our caseare: �����+��&�� , �B��( m, compactionfactor ����������� 8 <�(��-�-� m,3 45/C���D2>8v:>����� Y ��S�<��+��(-� m,

a � �����-&�� m. This leadsto thesuppressionof theelectronbeam
modulationby a factor tvu�w />Q��-�Z2 (for Gaussianenergy distribution).

Passingthe chicanethe demodulatedelectronbeamandseed130 nm radiationenterthe
FEL amplifier undulator. Upon passingthroughthe FEL amplifier radiationis exponentially
amplified.This undulatoris long enoughto reach0.25MeV energy modulationat the wave-
lengthof 130 nm. Sincethe densitymodulationat 130 nm is of about4 times smallerthan
requiredvalue(0.2), oneshouldusedispersionsectionat the exit of the secondstage.After
passingseconddispersionsection,theenergy modulationinducedin thebeamby amplification
in theFEL amplifiertransformsinto thedensitymodulation.

Following thesecondstagethebeamentersthethird stage.Like thesecondstage,thethird
stagealsoconsistsof theradiator(which is resonantto the4th harmonicof theseedradiation),
demodulator, FEL amplifierandmodulator. Now 65nmdensitymodulationservesasaseedfor
thisradiator, etc.Main undulator, resonantwith 32thharmonicof seedradiation(8 nm),follows
immediatelyafter the 5th stage.By the time the beamis overbunchedin the main undulator,
the 8 nm radiationreachesGW level. Calculationsof the spacecharge effectsshow that they
arenegligible in the main undulator. The electricfield of spacecharge is proportionalto the
wavelengthof densitymodulation

a
. As a result,theamplitudeof energy modulationat 16 nm

is muchlessthanenergy spread,andthereis no needto install specialchicanefor suppressing
thebeamdensitymodulationinducedin the5thstage.Table1 listssomeof thebasicparameters
of themagneticsystemof HGHG FEL.

In our proposalsoft X-ray pulsesareproducedby the multistageHGHG technique.Fre-
quency multiplicationcanbeanessentialpulseshorteningmechanism.Successive multiplica-

22



Table1
Parametersof themagneticsystemof HGHG FEL scheme

Stage1 Stage2 Stage3 Stage4 Stage5 Main
256nm 128nm 64 nm 32 nm 16 nm 8 nm

Radiatorundulator
lengthof undulator, m 1.4 1.7 1.9 2
period,cm 5 4.5 4 3.3
peakfield, T 1.1 0.94 0.75 0.65¡

-value 5.5 4 2.8 2
Demodulatorchicane

netmomentumcompaction,mm 0.3 0.3 0.3 0.03
total chicanelength,m 3 3 3 1.5
lenghof eachdipolemagnet,m 0.25 0.25 0.25 0.25
bendangleof eachdipole,deg. 0.6 0.6 0.6 0.27
magneticfield for eachdipole,T 0.15 0.15 0.15 0.067

FEL amplifierundulator
lengthof undulator, m 1.95 1.6 2.4 2.8 4.6 13.1
period,cm 6.5 5 4.5 4 3.3 2.73
peakfield, T 1.1 1.1 0.94 0.75 0.65 0.5¡

-value 6.8 5.5 4 2.8 2 1.26
Modulatorchicane

netmomentumcompaction,¢ m 18 7.5 3.5 1.5
total chicanelength,m 1.5 1.5 1.5 1.5
lengthof eachdipolemagnet,m 0.25 0.25 0.25 0.25
bendangleof eachdipole,deg. 0.2 0.13 0.09 0.06
magneticfield for eachdipole,T 0.05 0.033 0.023 0.015

tion to the 	 th harmonicresultingin £ 	 -fold compressionof the 	 th harmonicpulsedura-
tion. In our case	¤��(Z� , andnumericalsimulationsshow thatwe canobtain80 fs pulseat the
wavelengthof 8 nm.

3 Estimation of essential shot noise effects on basis of a simple model

As for the HGHG FEL operatingin the short wavelengthrange,its noisepropertiesare
definedonly by theshotnoise.To describethenoiseoutputquantitatively, weshoulddefinethe
quality criterionof theHGHG FEL. Onepossibledefinitioncanbemadeasfollows.A HGHG
FEL canbe characterizedby a noisefactor ¥ that relatedthe input to outputsignal to noise
ratio: ¥m� /CL�¦ Y L���29
��/6L�¦ Y L§� 2�¨�©eª M
whereL�¦ and L�� arethepowerof signalandnoise,respectively. It is naturalto describetheinput
signalandnoisepowerby theradiationpowerof signalandnoiseat thefirst FEL amplifierexit.
As a rule, the first FEL amplifier hasgain of about10-20 dB only which is insufficient for
transversemodeselection.Nevertheless,for a long last(main)undulatortheonly fundamental
TEM S�S mode,whichhasmaximalgain,shouldsurvive.Thatis why theinputnoisepower /6L���29
��
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shouldbetreatedasacontribution to fundamentalradiationmodeonly.

An intrinsic disadvantagein the shortwavelengthHGHG FEL is the enormousvalueof
noisefactor. This is thedirecteffectof thefrequency multiplication.Thedependenceof anoise
factorcanbegivenasa functionof a frequency multiplicationfactor 	 . Successivemultiplica-
tion to the 	 th harmonicresultingin at least 	 8 - fold increasingof thenoisefactor¥¬«­	 8 ®�¯ 
XS=� . r 
XSO� . r . 8 
XS°� ±�±�±²� 	E
XS�M
asonecanexpectfrom simplephysicalconsideration(seebelow). This fundamentalresultis of
greatpracticalimportance,becausea crucialconditionin HGHG FEL is thattheoutputsignal
to noiseratio /CL�¦ Y L���29¨�©eª mustbemademuchlargerthanunity, in orderfor thepropertiesof the
outputradiationto beamapof thecharacteristicsof thehigh-qualityseedlaser.

Simplephysicalconsiderationcanleaddirectly to a crudeapproximationfor the valueof¥ . It shouldbenotedthatthemethodwhichcanbeappliedto determinetheoutputfield pertur-
bationis independentof a specifickind of HGHG technique.This calculationdependson the
frequency multiplicationfactor 	 only. Thefield of amplifiedelectromagneticwave in thefirst
FEL amplifiercanberepresentedas� r ����¦ tvu�w / d 
KS^\^2 0 oe³µ´ ³ tvu�w / d 
XSe\ 0 �7
 ³ \^2 0­¶ � ¶ �+M (2)

where ��¦ is theamplitudeof amplifiedseedsignal.Thequantitieś

³ tvu�w / d 
XSe\ 0 d �D
 ³ \^2 rep-
resentthe (small) signal changesdue to the shotnoise.Startingwith a field at fundamental
harmonicin thefirst stage(2) andomitting aninessentialcommonfactor, we find for thefield
in themainundulatorat frequency 	E
XS :�_·����¹¸¦ t 
 ¸»º ¼¾½ 0 	¿�D¸ l r¦ t 
�À ¸ l r6Á º�¼9½ o ³ ´ ³ t 
 º ¼Â½ t�Ã ºvÄ>½ 0­¶ � ¶ �+M (3)

wherewehaveassumedthatat theendof eachstagetheamplitudeof ahigherharmonicdensity
modulationis small.It is obvious,this is thesituationthatis encounteredin any HGHGscheme.
As we haveseenin Sec.2, theamplitudeof the . th harmonicof thebeamdensitymodulation,� p , is proportionalto the . th power of the field amplitudeat the fundamentalfrequency, i.e.� p¹Å /C� r 2 p at � p¹� % . Therefore,thefield amplitude� ¸ in themainundulatoris proportional
to � ¸ Å � ¸ Å /6� r 2 ¸ . Whenderived(3), wealsorequiredtheoutputsignalto noiseratio to be
muchlargerthanunity. Thesetwo assumptionsarequitegeneralanddonotreducesignificantly
the practicalapplicability of the resultobtained.However, for simplicity presentedderivation
is limited to thecasewhereonly first FEL amplifierhave significantcontribution to thenoise
output.

In the frame of approximationsdiscussedabove the output signal to noiseratio can be
representedas 45/6� ¸¦ t 
 ¸»º ¼¾½ 0­¶ � ¶ �Æ2 8 :45/C	�� ¸ l r¦ t 
 À ¸ l r6Á º ¼Â½�Ç ³ ´ ³ t 
 º ¼¾½ t Ã ºvÄ9½ 0­¶ � ¶ �Æ298v: � %	¿8�È L�¦L���É 
�� M
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wheresymbol 4^±�±�±�: meanstheensembleaverageoverbunches.Thus,frequency multiplication
by 	 degradesthesignal/noiseratio by 	 8 . Herewe illustratedtheessentialshotnoiseeffects
onthebasisof asimplemodel.Indeed,thepresentderivationassumesshotnoiseinfluencein the
2nd,3rd andotherstagesto benegligible comparedto theshotnoiseinfluencein the1ststage.
Nevertheless,theproblemof calculationof HGHG FEL noisefactoris morecomplicatedand
therearesituationswhere,for instance,shotnoisein thesecondstagecanprovide comparable
or even larger outputsignalperturbationthanshotnoisein thefirst stage.As a result,we can
concludeonly thatin practicalsituationsnoisefactorsatisfiesinequality ¥ «]	 8 .
4 Numerical study of the harmonic generation process in a multistage HGHG FEL

In this sectionwe analyzepossibilitiesof the HGHG FEL schemedescribedin the previ-
oussections.To be specific,we considernumericalexamplefor its possiblerealizationat the
TESLA TestFacility at DESY. However, this specificexamplehighlightsall generalproperties
of theHGHGFEL schemes.

Numericalresultspresentedin this paperare obtainedwith a versionof codeFAST up-
gradedfor simulationof higherharmonics.This codeallows oneto performthree-dimensional
simulationsof the FEL processtaking into accountdiffraction, space-charge, energy spread
andslippageeffects,andshotnoisein theelectronbeam.An electronbunchof any transverse
andlongitudinalprofile canbesimulated.Generalfeaturesof thecodeFAST aredescribedin
[13]. In thepresentsimulationsweassumedbothtransverseandlongitudinalprofileof theelec-
tron beamto be gaussian.The simulationprocedureof full HGHG schemewasdescribedin
citedesyp

All numericalresultsare illustratedfor two cases:with and without taking into account
shotnoisein the electronbeam.Whenwe tracethe behaviour of an idealizedcase(without
takinginto accountshotnoise),we obtainperfectquality radiationpulse(bothin temporaland
spectraldomain)at the exit of HGHG FEL. However, taking into accountnoiseeffect results
in a degradationof thequality of the radiationpulsefrom stageto stage.As we mentionedin
theprevioussection,theHGHG FEL scheme,aswell asany frequency multiplicationscheme
possessessignificantintrinsic disadvantage.Namely, contribution of the shotnoisepower to
the signalgrows quadraticallywith the numberof harmonicto be generated.The resultsof
numericalsimulationsarein goodagreementwith simplephysicalestimationspresentedin the
previoussection.Thegrowth of thenoisecontributionis clearlyillustratedwith theplotsfor the
phaseof theradiationfield (seeFig. 3). Theplotsfor radiationspectrumarepresentedin Fig. 4.
Analysis of the presentnumericalexampleshows that the shot noisein the first stagegives
relativelysmallcontributionto thefinal valueof thenoiseto signalratioat theexit of theHGHG
scheme.This is achievedby meansof increaseof thepowerof seedradiation.However, HGHG
schemedoesnot allow to do this for the next stageswhena small beamdensitymodulation
servesasinput signal.In our casethe maincontribution of noisedegradationcomesfrom the
secondstage.Thethird stagealsogivesvisiblecontribution to thenoise.

Themostcritical issueof thesingle-bunchHGHGschemeis growth of uncorrelatedenergy
spread.However, parametersof the stagescanbe optimizedin sucha way that this effect al-
mostdoesnot leadto degradationof output radiation.Calculationsshow that the increaseof
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Fig.3.Timestructureof radiationpower(left column)andphaseof outputradiation(right column)at the
exit of differentstagesof HGHG scheme(upper, middle,andlower plotscorrespondto the4th and5th
stages,andmainundulator, respectively). Solidcurvesarecalculatedtakinginto accountshotnoisein the
electronbeam,andthecirclespresenttheresultswithoutnoiseeffect.Dashedcurvesdenotelongitudinal
profileof theelectronbunch.Thefirst stageis seededby a long laserpulse.

uncorrelatedenergy spreadis 20%only (see[14] for moredetails).

Theresultspresentedabove allows usto make conclusionthatshotnoisedegradationdoes
notallow to reachveryshortwavelengthswith theHGHGFEL scheme.A limit imposedby this
fundamentaleffect seemsto be around8 nm whenHGHG procedurestartsfrom UV seeding
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Fig. 4. Spectrumof output radiationat the exit of different stagesof HGHG scheme(upper, middle,
andlower plotscorrespondto the4thand5thstages,andmainundulator, respectively). Solid curvesare
calculatedtakinginto accountshotnoisein theelectronbeam,andthecirclespresenttheresultswithout
noiseeffect.Thefirst stageis seededby a long laserpulse.

laser(multiplicationfactorof about30).Practicallimit is reachedfor evenlongerwavelength.
Thereasonfor this is thatHGHGFEL schemeis extremelysensitiveto fluctuationsof thebeam
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andseedingradiationparameters.

5 Discussion

In conclusionwe would like to discusssomegeneralaspectsof noise influenceon the
HGHG FEL operation.It shouldbe emphasizedthat despitethe theory of HGHG FEL was
developedover a decade,thereareno papersdevoted to the analysisof the noiseproperties
of thesesources.Here,it is relevant to rememberthat theanalysisof the frequency multiplier
chainsandtheir effectson sourcenoisein radarandsimilar systemshasalwaysbeenan im-
portantproblem.Themajority of communicationandradarengineersarefamiliar with thefact
thatinsertingtheamplifierprior to frequency multiplicationhasthedisadvantagethatthephase
noisecontribution of the amplifier is multiplied by . 8 , where . is a frequency multiplication
factor(see,for example,[15]). In thecaseof HGHGFEL thismeansthattheeffectof frequency
multiplicationby a factorof 	 multipliesthefirst FEL amplifiernoisepower to carrierratioby	 8 . Thispreventsoperationof HGHGFEL at veryshortwavelengthrange.

Let usgivea moredetaileddiscussionof problemsrelatingto theX-ray HGHG FEL noise
output.Frequency multiplicationprocessproducesa noisedegradationproportionalto at least
thesquareof themultiplicationratio.As a result,HGHGFEL startingfrom opticalwavelength
range(

a 
��µ«Ê�-�-��� Å) cannotproducecoherentradiationspanningto Angstromwavelength
range.The main problemis that the contribution of the noiseto the output power increases
drasticallywhenapproachingtheX-ray band.Considerfirstly anidealizedcasewhereonly the
first FEL amplifier hassignificantcontribution to the noiseoutput.Then the signal to noise
ratio after an ideal frequency multiplier chain is smallerthan the signal to noiseratio at the
fundamentalfrequency by a factorof ¥Ë<Ë	 8 <¤%'��Ì at

a ¨�©eª�<¤% Å. If we want to make the
ratio /6L§¦ Y L§� 2�¨�©eª muchlargerthanunity, /6L§¦ Y L§� 2�
�� mustreachvaluesof about %'�-Í . To estimate
the requiredvalueof the peakpower of the seedlaserpulseit is convenientto introducethe
notionof aneffective power of shotnoise L§¦ÏÎ , which is usuallyusedfor numericalsimulation
of the SASEFEL with steady-statecodes(seefor example[12]). For the visible rangeof the
spectrumthe effective shotnoisepower for usualSASEFEL parametersis about L�¦gÎ�<G%�� 8
W. This meansthat successfuloperationof the X-ray HGHG FEL requiresa seedpower of
about100 GW, but this value is beyond the outputpower of the FEL amplifier at saturation
( L�¦ � ª=< 10 GW). In principle,in this situationa laserpulseof 100GW power level anda first
undulatorwith a few periodsonly couldbeused.However, this doesnot solve theproblemof
the noisedegradation,becausethe presentanalysisis basedon assumingan ideal frequency
multiplier chain.Consideringtheothercontributionsto thenoiseoutput,it is obviousthat the
100 GW level power is not attainablein the radiatorundulatoroperatingat the second(or
higher)harmonic.This meansthat thecondition /CL�¦ Y L���29¨�©eªOÐ % will beviolatedwhentaking
into accountof thesecondHGHG stagecontribution to thenoiseoutput.

Recently, variousHGHG schemeshave beenproposedto improve the performanceof X-
ray FEL. The basictheoryof theseschemesdoesnot take into accountthe shotnoiseeffect,
meanwhileit leadsto adramaticdegradationof thequality of theoutputradiationwhenapply-
ing frequency multiplicationschemes.Theargumentsdiscussedabove,basedon our resultsof
numericalsimulations,seemto bestrongenoughto suggestthat theHGHG FEL schemesfor
reachinghardX-raysproposedin theliteraturesofar will notwork.
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Abstract

In this paperwe describethe extensionof the soft X-ray SASE FEL at the TESLA
TestFacility (TTF) at DESY for generationof femtosecondpulses.Theproposedscheme
operatesas follows. The first stageis a conventionalFEL amplifier seededby 523 nm
externallaser. A zeroareaopticalpulse(i.e. thepulsewith zerovalueof opticalfield in the
centralareaof the pulse)is timed to overlapwith the electronbunch.Radiationpower is
amplifiedup to thesaturationlevel. Following thefirst stagetheelectronbeamentersthe
main 6 nm SASEundulator. Large energy spreadis inducedin thesignificantfraction of
theelectronbeamdueto theFEL interactionprocess,andonly a smallpartof theelectron
bunch(nearthecenterof zeroarealight pulse)is capableto produceradiationin the6 nm
SASEFEL. TheSASEFEL describedin this paperwill provide soft X-ray pulseswith 30
fs (FWHM) duration.On thebasisof theTTF parametersit shouldbepossibleto achieve
anaveragebrillianceof ���
	�	 photonss��
 mrad��	 mm��	 per0.1%BW. Theaveragenumber
of photonscanexceed ��� 
�	 photon/pulse.

1 Intr oduction

Phasetransitions,surfaceprocesses,andchemicalreactionsareultimatelydriven
by themotionof atomson thetime scaleof onevibrationalperiod( � 100fs). Un-
fortunately, the pulselengthof presentsynchrotronlight sourcesis too long for
resolvingatomicmotionon the100 femtosecondtime scale.Recentefforts at ap-
plying 300fs X-rayspulsesto probestructuraldynamicshave useda synchrotron
sourcecombinedwith a femtosecondoptical quantumlaser[1]. The sametech-
niquecanbe usedto generatein the future 100 fs X-ray pulseswith an average
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Fig. 1. Thetwo stageschemeof theseedingsystem

Fig. 2. Schematicdiagramof zeroareapulsetechniquefor thegenerationof thesoftX-ray
femtosecondSASEpulses

brillianceof �
� 
�
 photonss��
 mrad��	 mm��	 per0.1%BW at thephotonenergy of
2 keV [1].
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Femtosecondsoft X-ray facility proposedin this paperis basedon the useof
soft X-ray SASEFEL. To bespecific,we illustratea new methodof femtosecond
X-ray pulsesproductionwith an examplefor the SASEFEL at the TESLA Test
Facility (TTF) beingunderconstructionat DESY. Theideafor productionof very
shortX-ray pulsesis basedon a high sensitivity of the FEL gain on the energy
spreadin the electronbeam.Thus,a techniquebestsuitedfor the femtosecond
SASEFEL consistsof “manipulating”theenergy spreadalongtheelectronbunch.
The requiredshapingof the energy spreadis performedby passingthe electron
beamtroughtwo-stageFEL amplifier(seeFig. 1) seededby anopticalpulsefrom
existentTTF laserfacility (pulseduration10 ps,opticalenergy in thepulse0.3 � J,
wavelength523 nm – the 2nd harmonicof Nd:YLF laser).The first stageof the
FEL amplifieroperatesin the linear regimeandproducesopticalpulsesof 300 fs
pulsedurationwith peakpowerof about60kW which is strictly synchronizedwith
the electronbunch.After the exit of the first stagethe electronbunch is guided
througha bypass,andtheradiationentersthepulseshapingsystem.Thefunctions
of theelectronbypassareto provideequaltimedelaysfor theelectronandthelight
beams,andto suppressmicrobunchinginducedin the electronbunch in the first
undulatordueto theFEL process.Thefunctionof theopticalpulseshapingsystem
is to preparezeroareaopticalpulse.In pulseshapingsystemtheinput radiationis
focusedinto asingle-modeopticalfiber. After thefiberexit, thelinearchirpedpulse
is sentthroughspectralfiltering system.The pulseis spectrallydispersedusinga
gratinganddirectedthroughamaskwhichspectrallyfilters thepulse.Thespectral
componentsarerecollimatedinto abeamby a secondgrating.Theshapingsystem
produceszeroareapulseswhicharestrictly synchronizedwith electronbunchesat
theentranceto thesecondundulator. Sincethe input opticalpulseis producedby
thesameelectronbunch,theproposedschemetolerateselectronpulsetime jitter of
abouta few picoseconds.A zeroareaopticalpulseproducedby theshapingsystem
is amplifiedup to thesaturationlevel in thesecondundulator. Largeenergy spread
is inducedin thesignificantfractionof theelectronbeamdueto theFEL interaction
process,andonly asmallpartof theelectronbunch(nearthecenterof thezeroarea
light pulse)is capableto produceradiationin the6 nmSASEFEL (seeFig. 2).

2 Scientific opportunities with the femtosecondsoft X-ray SASEFEL

To date,thestudyof ultrafastdynamicsin thefield of physics,chemistry, and
biology hasrelied largely on femtosecondopticalpulsesin thevisible or infrared
spectralrange.Using fs optical lasersresearchescould collecteda wealthon in-
formationon the detailsof reactionpathwaysin many molecularsystemse.g.J	 ,
CH	 J	 , andeven larger systems[3]. The importanceof the field is underlinedby
awardingtheNobelPrizein chemistryto A. Zewail. Sinceall informationin optical
fs-experimentsis obtainedfrom spectroscopicresults,e.g.ionizationprobabilityor
kineticenergy of photoelectrons,adetailedknowledgeontheinvolved- sometimes
rathercomplex - energy surfaceis requiredfor theinterpretationandunderstanding
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of the experimentaldata.Soft X-rays have several advantagescomparedto opti-
cal light pulse.Thanksto the elementspecificabsorptionof inner shell electrons
well-definedatomscanbeexcitedselectively. Moreover, chemicalbondscanbese-
lectedby their well-known chemicalshift, e.g.in innershellphotoelectronspectra
(XPS).The latter canbe usedin orderto identify surfaceandbulk statesof con-
densedmatter. Finally, the local excitationof tightly boundcorelevelsallows the
determinationof structuralinformationwith varioustechniques(EXAFS,XANES,
andphotoelectrondiffraction).Therefore,fs soft X-ray pulseshold greatpromises
for new andexciting experimentsin many fieldsof researchwhich will give deep
insight into the dynamicsof nuclei andelectronson the time scaleof vibrational
motion.

Thevibrationalperiodof nuclearmotion dependson thestrengthof chemical
bondsandthemassof nuclei.In heavy moleculeslikeJ	 theperiodisapproximately
100-200fs while for light molecules,especiallyhydrogencontainingmoleculesit
lastabout10-50fs. It is thusobvious,thattheproposednew designfor asoftX-ray
FEL with 30 fs long pulseswill have a considerableadvantagecomparedto other
proposedschemes[4,2] – someare alreadyunderconstructionor have emitted
first light [5] - sincetheir pulsedurationof 200-300fs is just at the limit for the
studiesonnuclearmotionandlatticevibrations.Pumpprobetechniqueswhichare
commonlyusedwith optical lasers,arehighly desirablein orderto make full use
of the shortpulses.Sinceprecisetiming is neededwith a jitter of lessthan30 fs
we suggestto combinethe proposedfs soft X-ray FEL with UV optical pulses
generatedin an additionalundulatorusingthe sameelectronbeamasoutlinedin
ref. [6].

Time resolved experimentswith 30 fs resolutionwill opennew scientificop-
portunitiesin chemistry, molecularphysics,solidstatephysicsandsurfacescience.
The useof pump-probetechniqueswill allow the study of vibrational andbond
breakinganddissociationin complex moleculeswith elementselectivity. Thanksto
thelocal excitationit will bepossibleto distinguishthevibrationalmotionof non-
equivalentatoms,e.g.thecentralandtheterminalnitrogenatomin N 	 O.Moreover,
time resolvedphotoemission(XPS)canbeusedto ascertaindecayratesandvibra-
tionalperiodsin well-definedsubgroupsin largemolecules,sincethechemicalshift
in theXPSspectrumis afingerprintof chemicalbonds.

In a similar way, researchon clustersandnanocrystalswill benefitfrom the
proposedFEL. As a resultof their smallsizea large fractionof atomsarelocated
at thesurface.Time resolvedstudies(pump-probe)will allow the investigationof
surfaceandbulk statesseparately. Furthermore,photoninducedreactions,phase
transitionsandelectrontransferprocessescanbestudiedon a time scaleof a few
tenfs.Photoelectron,ion andfluorescencesignalsaswell ascombinations(electron
ion: PEPICO,ion-ion, PIPICO,for the study of fragmentationand dissociation)
canbeusedasamonitor. Metal,semiconductorandcovalentlyboundsystems,and
complexesthatplayanimportantrole in atmosphericprocessesaregreatinterestin
this context.
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Theelementspecificexcitationof soft X-rayswill allow thestudyof photody-
namicalprocessesof individual atomsandmoleculeson surfaces.Time resolved
EXAFS/XANESor photoelectrondiffractionmakinguseof two colourpump-and
probetechniqueswill give informationon the motion (vibration dissociation)on
well characterizedsurfacesin real time. The reactiondynamicsof adsorbatesis
of major importancefor the understandingof chemicalprocessesat surfacesand
an importantissuein this context. Catalytic reactionsof metalandsemiconduc-
tor interfacesareof particularinterest.UV light can inducea chemicalreaction
like oxidation,which canbe studiedby looking at reactionproductson a fs time
scale.The high photondensityof the FEL beam- especiallywhenfocussedinto
a smallspot- will resultin efficient photodesorptionandplasmaformation.Many
processesoccurringin laserinducedplasmagoing on in the plumearenot well
understood.Detailedinformation can be obtainedusing two-colour pump probe
experimentsanddetectingphotoelectronsandionsejectedfrom theplasmaplume.
Photoreactionsandphasetransitionin bulk samplescanbeinvestigatedwith time
resolvedX-ray emissionspectroscopy. Themeanfreepathlengthof soft X-raysis
muchlarger thanthe internuclearseparationsin solids.Thus,time resolvedstud-
iesof bulk properties,thedynamicsof atomsdopedinto solidsandphotoinduced
reactionsatburiedinterfacesbecomefeasible.

All applicationsoutlinedabove arebasedon 30 fs long soft X-ray pulses.One
canexpectthatfirst successfulexperimentsin thisfield will stimulatefurtherappli-
cations.

3 Description of femtosecondX-ray FEL at the TESLA TestFacility

Presentdesignassumesto useprojectparametersof the TESLA TestFacility
accelerator[2]. Facility for productionof femtosecondSASEX-ray pulsesconsists
of a two-stageseedingsystemoperatingat the wavelengthof 523 nm. Figure 1
showsaschematicdiagramof aseedsystemfor thefemtosecondsoftX-ray SASE
FEL at theTESLA TestFacility. Theschemeconsistsof seedquantumlaser, two
undulatorsandoptical pulseshapingsystemlocatedbetweenthem.The first un-
dulatoroperatesin a linearregimeandproducesshortlight pulse(of about300fs
duration)synchronizedwith theelectronbunch.After theexit of thefirst undula-
tor theelectronsareguidedthrougha bypassandtheradiationenterstheshaping
system.A zeroarealight pulsewith peakpower of about10 kW is generatedby
pulseshapingsystem.This radiationpulseis amplifiedup to thesaturationlevel in
thesecondundulator. At theexit of thesecondundulatorthemostfraction of the
electronbunchhaslarge energy spreaddueto the FEL processexceptof a small
region in the centerof zeropulsearea.This of the essenceof the energy spread
shapingtechnique.Theprocessof amplificationof radiationin theX-ray undulator
developsin thesameway asin conventionalSASEFEL: fluctuationsof theelec-
tron beamcurrentdensityserve astheinput signal.Theseedingradiation(523nm
wavelength)doesnot interactwith theelectronbeamin theX-ray undulatorandis
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Fig. 3. Temporalprofile of theradiationpulseat theexit of thefirst stageof 523nm FEL
amplifier (curve 1). Curve 2 presenttemporalprofile of the radiationpulseafter optical
pulseshapingsystem.Dottedline denotescurrentprofileof theelectronbunch.

diffractedoutof theelectronbeam.Sincethegainof theFEL amplifieris verysen-
sitive to theenergy spread,only this smallpartof theelectronbunchproducesthe
radiation,thusproviding shortpulseduration(seeFig. 2). For ultrashortzeroarea
of seedopticalfield, theslippageof radiationwith respectto theelectronbunchin
the523nm high-gainFEL amplifiercanbeanessentialmechanismfor shortening
theSASEradiationpulse.Startingwith zeroareaof opticalfield of 60 fs duration
(FWHM) wecanobtain30 fs (FWHM) pulsesat thewavelengthof 6 nm.

An attractive featureof this schemeis the absenceof no apparentlimitations
which would preventoperationat evenSASEpulsewith durationcloseto coher-
encetime (about2 fs in our case).For examplecloseto endof 523nm FEL oper-
ation(i.e. closeto saturation)we canusea magneticdelayto positionthe523nm
radiationnearthe tail endof undisturbedpart of the bunch.An experimentercan
easilycontrolthedurationof ”zero” areaby tuningthemagneticfield in theshifter
(a three-dipolechicane).In this techniqueweusezeroareof seedopticalfield that
is muchlongerthantheproducedsoftX-ray SASEpulse.

The function of the first stageof 523 nm FEL amplifier is to prepareshort
opticalpulsestrictly synchronizedwith theelectronbunch.Theamplifieris seeded
by the laserpulseof 10 ps pulsedurationand30 kW peakpower. The duration
of the seedingpulseis much larger than the electronpulsetime jitter of ��� ps,
so it canbe easilysynchronizedwith the electronbunch.After the first stagethe
electronandthe light beamareseparated.The electronbeamis guidedthrougha
nonisochronousbypassandthe radiationentersthe optical pulseshapingsystem.
Detailsof the first stageFEL amplifier and the optical pulseshapingsystemare
presentedin [9]

Therequiredlevel of theenergy spreadin thesecondFEL amplifieris induced
only in thenonlinearstageof theFEL amplifieroperationwhentheelectronsbe-
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Fig. 4. Temporalprofile of theoutputradiation(curve 1) andenergy spreadin theelectron
bunch (curve 2) at the exit of 523 nm FEL. Dashedline denotescurrentprofile of the
electronbunch.

cometo losevisible fractionof their energy. In orderto reachnonlinearstage,the
undulatorshouldbe sufficiently long. Optimizedlengthof the undulatoris equal
to 8.3 m, i.e. 110 undulatorperiods.Slippageeffect at this distanceplay visible
role in formationof theradiation,despitekinematicslippage(of about60microns)
is visibly suppressed,by a factorof four, dueto decreaseof thegroupvelocity of
theradiationinteractingwith theelectronbeam[8]. Thiseffectexplainssignificant
differencebetweentheshapeof theseedingpulse(seeFigs.3 and4) andradiation
profileandinducedenergy spreadin theelectronbeamat theundulatorexit.

A dispersionsectionis installedat theexit of thesecondstageof 523nm FEL
amplifierin orderto providemorehomogeneousdistributionof theelectronsin the
phaseat theentranceto theX-ray undulator. A simplechicaneconsistingof three
dipoleswith �����������! mmis sufficient for this purpose.

X-ray undulatorfollows immediatelyafter the secondstageof the two-stage
523nmFEL amplifier(seeFig. 2). Parametersof thefemtosecondX-ray FEL am-
plifier arepresentedin Table1. The only differencein parametersfrom the main
option of the TTF FEL [2] is that the FWHM pulsedurationis reduceddown to
thevalueof 30 fs. Figure5 representstemporalstructureof the radiationpulseat
theexit of theX-ray FEL at theundulatorlength26m. Optimizationof theparam-
etersof the femtosecondfoft X-ray facility at TTF hasbeenperformedwith 3-D,
time-dependentFEL simulationcodeFAST [7].

The electronbypasshasto deflectthe electronbeamout of the straightflight
passto make room for the optical elements.In additionthe microbunchingintro-
ducedin theelectronbunchin thefirst undulatorhasto beremovedwithoutincreas-
ing the overall lengthof thebunchsignificantly. The electronoptical functionsat
theexit of 1stundulatorandthe entranceof the 2ndundulatoraredeterminedby
the undulatorsandhave to be matchedby the bypasselectronoptics.The basic
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Fig. 5. Temporalstructureof theoutputradiationfrom femtosecondX-ray FEL. Curve 1
correspondsto the singleshot,andcurve 2 is the averagedvalue.Curve 3 representthe
energy spreadalong the electronbunch at the undulatorentrance.Dashedline denotes
currentprofileof theelectronbunch.

Table1
Parametersof femtosecondX-ray FEL at theTESLA TestFacility atDESY

Undulator
Type Planar
Period 2.73cm
Peakmagneticfield 0.497T
External" -function 300cm
Lengthof undulator 26m

Radiation
Wavelength 6.4nm
Bandwidth,#%$�&
$ 0.5%
rmsangulardivergence 15 ' rad
rmsspotsizeat theundulatorexit 90 ' m
Pulseduration(FWHM) 30 fs
Poweraverageover pulse 2 GW
Flashenergy 50 ' J
Averagepower 4 W
Peakspectralbrilliance (*)+���
,�- Phot./(sec)

mrad	.) mm	/) 0.1% bandw.)

elementsof the adoptedsymmetricbypassdesignare four dipole magnets.The
first is located1.3 m behindthe first stageof 523 nm FEL amplifier anddeflects
thebeambackin thedirectionparallelto thestraightbeampathat thedistanceof
about24 cm, which is sufficient for the installationof the optical elements.The
total elongationof the electronbeampath is approximately12 mm. The layout
of the bypassis shown in Fig. 6. In the middle of the bypassonefinds a second
mini-bypass,whichservesfor tuningtheelectronpathlengthby up to 0.5mm, i.e.
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Fig.6.Layoutof theelectronbypass.HerelettersQ,SandB denotequadrupole,sextupole,
andbendingmagnet,respectively.

Table2
Parametersof theelectronbypass

Main bypass
Length 21m
Extrapathlength 12.4mm
Max. distanceto thestraightpath 23.6cm
Dipolebendingangle 52.4mrad
Extrapathlengthfor electrons
with 0.1%energy deviation 0.73 ' m

Tuningbypass
Lengthof tuningbypass 4.8m
Tunabilityof pathlength 0-0.952mm
Max. distanceto largebypass 43.6mm
Tuningdipolebendingangle 21.8mrad
Extrapathlengthfor electrons
with 0.1%energy deviation 0-1.86 ' m

approximately10 timesof thebunchlength.Theadditionalfocusinganddefocus-
ing quadrupolemagnetsareneededto adoptthebypasselectronopticsto thatin the
undulator, for decouplingof thebeampathelongationfrom theelectronenergy and
for keepingthetransversebeamcrosssectionsmallenough.Thebypassparameter
list is presentedin Table2 Thetransversedimensionsof thedipoleandquadrupole
magnetshave beenchosensuchthat they jut out in the direction of the straight
beampathby no more than 15 cm. Preliminaryoptimizationgives the length of
thedipoleandquadrupolemagnetsto be20 cm and30 cm, respectively. Thefinal
dimensionsdependon thedesignof vacuumsystem.

For very short bunches,coherentsynchrotronradiation(CSR) can dilute the
horizontalemittanceby similarly generatedenergy spreadin the dipoles.Calcu-
lations of the CSR inducedemittancedilution have beenmadeusing the DESY
TRAFIC4 code[10] which includesfield transients,bend-to-bendradiation,and
radial forces.Theseresultsshows that the dilution of the slice emittancein the
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bypassis about10%.
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Abstract

In thispaperweperformdesignconsiderationof a femtosecondlinac-basedsynchrotron
radiationfacility. Proposedtechniqueis basedon the generationof energy chirpedshort
electronbunchesthatwouldsubsequentlyspontaneouslyradiatefrequency chirpedsoftX-
raypulsesin anundulator. Thesepulsesarethenspectrallydispersedusinggrazingincident
grating.The spectrumis propagatedthroughexit slit (spectralwindow) which filters the
pulsesof femtosecondduration.Theshortesttemporalstructures(about10 fs) arelimited
by theenergy chirp andlongitudinalemittanceof theelectronbunch,numberof undulator
periods,andresolutionof monochromator. In thispaperweanalyzepotentialof theTESLA
TestFacility (TTF) atDESYfor constructionof sucha femtosecondX-ray facility.

1 Introduction

Phasetransitions,surfaceprocesses,andchemicalreactionsareultimatelydriven
by themotion of atomson the time scaleof onevibrationperiod( � 100 fs). The
pulselengthof existingsynchrotronsourcesis toolongfor resolvingatomicmotion
on the100femtosecondtimescale.Recenteffortsatapplying300fs X-rayspulses
to probestructuraldynamicshave useda synchrotronradiationsourcecombined
with a femtosecondopticalquantumlaser[1]. Thesametechniquecanbeusedto
generatein thefuture100fs X-ray pulseswith anaveragebrillianceof �	��
�
 photons
s
 
 mrad
�� mm
�� per0.1% BW at thephotonenergy of 2 keV [1].

New proposalof femtosecondsoftX-ray facility, which is describedin thispa-
per, is basedon frequency chirping of the undulatorspontaneousradiationpulse.
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Using spatialandspectralfiltering we canreducethe durationof thesynchrotron
radiationpulseto about10 fs. A correlatedfrequency distribution along the ra-
diation pulsecanbe obtainedby changingthe electronenergy alongthe electron
bunch,i.e. chirping the electronbunchenergy beforeit entersthe undulator. The
main ingredientsof a femtosecondX-ray facility area high energy electronbeam
with small longitudinalemittance.A small(closeto diffractionlimited) transverse
emittance,is neededtoo.

In 1999Pellegrini analyzedthepossibilityof producingfemtosecondlongpulses
by chirpingandcompressing(in gratingcompressor)theoutputX-ray SASEFEL
radiation[2]. In this paperwe extendthis approachfor generationof shortpulses
of spontaneousradiation.This becomespossibledueto applicationof an angular
filter anduseof gratingmonochromator.

In thispaperweanalyzeapossibilityfor integrationof femtosecondsynchrotron
radiationsourceinto the TESLA TestFacility (TTF) beingunderconstructionat
DESY. A 1 GeV superconductinglinearacceleratorat the TTF is capableto pro-
duceelectronbeamwith high averageand peakpower, low energy spreadand
emittance.The main practicalapplicationof this acceleratoris to useit for driv-
ing thesoft X-ray SASEFEL [3]. TTF linac would beableto deliver up 500-700
MeV electronbeam,preparedwith propertiesto allow generationof fs soft X-ray
pulse(with electronpulseduration0.16psFWHM, energy chirp 1 %). Theelec-
tron beamqualitiesrequiredfor fs facility operation(longitudinalemittance10 �
keV-mm, normalizedtransverseemittance��� mm-mrad,charge 0.1 nC) can be
met with laser-driven rf-gun. After the exit of the undulator(numberof periods��� ������� ) thespontaneousundulatorradiationenterstheangularfilter, which se-
lectpowerradiatedin thecentralcone.After filter thefrequency chirpedsoftX-ray
pulseentersthe monochromatorwith resolution ��������� � 
 
� �! #"$�	� 
�% . It
will provideradiationpulseswith 30fs (FWHM) duration.Onthebasisof theTTF
linac parametersit shouldbepossibleto achieveanaveragebrillianceof �	� 
'& pho-
tonss
 
 mrad
�� mm
�� per 0.1 % BW in the photonenergy range50-200eV. The
averagenumberphotonsat themonochromatorexit (at monochromatorefficiency
10 %) canexceed �(��) photonswithin 30 fs pulseduration.Thepulsedurationcan
betunedfrom 30 to 160fs by changingtheresolutionof monochromator.

Here it is relevant to comparethe technicalchallengesof linac-basedsoft X-
ray SASEFEL andsoft X-ray femtosecondsynchrotronradiationsource.Based
on the requirementsfor a femtosecondsynchrotronsource,the designgoal of rf
photocathodegun is a 6-ps-(rms)-longbeamof 0.1 nC charge with a normalized
transverserms emittanceof 2� mm-mradand longitudinalemittance10 � KeV-
mm. Designgoal for soft X-ray SASE FEL is a beamof 1 nC charge with the
sameemittances.Comparingthe beamparameterswe canconcludethat to make
preservation of the emittancesin the caseof the SASE FEL parametersis more
difficult, sincein our casethecharge is aboutanorderof magnitudesmaller. The
SASEprocessstartsfrom spontaneousemissionandgrowsexponentiallyalongthe
undulatoruntil saturation.Usuallythis occursafterabout10 exponentialfield gain

41



length.As a result, the output power of SASE FEL decreasesdrasticallyat the
bunchchargedecrease,or at theemittancegrowth. If weconsiderthefemtosecond
synchrotronradiationsource,wefind thatthenumberof photonsperpulseandtime
resolutionevolveslowly with chargeandemittance.This is a resultof spontaneous
emission.

2 Principle of operation

Let usintroducethebasicfeaturesof undulatorradiation.Notethatfor radiation
within theconeof half angle

* �'+-,/.
0 �2143 � ���576 ��� 8

the relative spectralFWHM bandwidthis ������� . �:9<;�;=� ��� , where
���

is the
numberof undulatorperiods,3 is undulatormarameter, 5 is relativistic factor. The
photonflux within thecentralconeis givenby

> � �'+',>@? � �BADCE�FGFH3#� � +JI��1K3 � ��� 8
Here AL� �����	M=N is fine-structureconstant,

� + is the numberof electronsin a
bunch, I is the bunch repetitionrate, C FGF . OQP=R	SUTWVYXZP 
 S-T�V�[ , where P�\ is the
Besselfunctionof ] th order, and T^. 3#�H� S  Y1_��3#� V .

Beyond the naturalbroadening,due to the finite number
�`�

of oscillations,
further spectralbroadeningcan be incurredwith the passageof many electrons
throughtheundulatorin a bunchof finite size,divergence,andenergy spread[4].
In whatfollowsweusethefollowing assumption:

 �baa c ��`� 8 S-dfeQV � c �2143 � ���5 � �`� 8 (1)

where � 5 � 5 and d e are the rms electronenergy spreadand rms angulardiver-
gencewithin the bunch,respectively. Whentheseconditionsaresatisfied,theen-
ergy spreadandangulardivergencecauseaspectralbroadeninglessthan ��� ��� and
centralconewill beratherwell definedin termsof both its angulardefinitionand
spectrum.

Thequality of the radiationsourceis describedusuallyby thespectralbright-
nessg definedasthedensityof photonsin thesix-dimensionalphasespacevolume.
Expressionfor g in termsof photonflux within thecentralconeis [4]:

g . S > � �'+', � >h? ViS ��� �j�	����� V �� � S-d:kmlnkoV�p�S-d:kmlnkGV�q=S'd ekrlnk VGp=S-d ekmlnk VGq s
tvuxwyu�zv{ � {|}| � |�~�� > � S �:9������2� V 9
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where S-d:kmlnkoV�p(� q and S'd ekrlnk VGp(� q arethe(horizontalandvertical)photonbeamGaussian
( ��� 6 � ) radiusandGaussianhalf anglerespectively. Takinginto accountcontribu-
tion of diffractioneffects,wemaywright thefollowing expressionsfor thesizeand
angulardivergenceof thephotonbeam:

S-d:kmlnkGV �p(� q .ZS'dv+�V �p(� q 1 d �� 8 S'd ekrlnk V �p(� q .ZS-d e+ V �p(� q 1 S'd e� V � 8
where d � . 0 ��� � � S  �� V is the diffraction limited radiation beamsize, d e� .0 � � S  x� � � V is the diffraction limited radiationbeamdivergence,and

� �
is the

undulatorlength.Theparticlebeamparametersare

S-dv+�V �p(� q .�SU�J+JV�p(� q��vp(� q 8 S-d e+ V �p(� q .�SU�o+yV�p(� q � �vp(� q 8
where�vp(� q is thebetatronfunctionin theundulator, �Jp(� q is thehorizontalandvertical
electronbeamemittance,respectively.

The limiting conditionof spatiallycoherentradiationis a space-angleproduct�}� * . � � S ��� V , where
�

is a Gaussian��� 6 � diameterand
*

is theGaussianhalf
angle[4]. In generalcasethe phasespacevolumeof photonsin centralradiation
coneis larger thanthe limiting conditionrequiredfor spatialcoherence.Thus,for
experimentsthatrequirespatialcoherence,a pinholeandangularacceptanceaper-
tureareto be introduced.This pinholespatialfilter is usedto narrow, or filter, the
phasespaceof transmittedradiation.Filtering to

��� * . � � S ��� V requiresto useof
bothasmallpinhole(

�
), andsomelimitation on

*
, suchthattheproductis equalto� � S ��� V .

Radiationis transverselycoherentwhen

S'dv+yV�p(� q�S-d e+ VGp�q c
� � S  �� V 8 � � � � 9

Underthis conditions,onehas S'dvp(� qiV � c S'd � V � and S-d ep(� q V � c S'd e� V � andspectral-
angulardependenceof the radiationemittedby anelectronbeamcanbeapproxi-
matedasspectral-angulardependenceof theradiationemittedby asingleelectron.
This limit correspondsto maximumof brilliance.

When the electronbeamemittanceis large, S-dv+�VGp(� qxS'd e+ VGp�q#� � � S  �� V , the ra-
diation is partially coherent.Onecanfind that the influenceof electronbeamdi-
vergenceon the propertiesof the undulatorradiationcanbe neglectedwhen the
beta-functionis large enough.In the region of parameterswhen S'd ep(� q V ��� S-d e� V � ,
a downstreamdiaphragmof aperture

� . � d � is usedfor selectionof the trans-
verselycoherentfraction of undulatorradiation.Finally, in this limit, the flux of
transverselycoherentphotonsinto thebandwidth������� . �:9���� canbeestimated
simplyas

> ���y� � >h? � � � g��x .

The layout of the soft X-ray femtosecondfacility is presentedin Fig. 1. Soft
X-ray pulseshorteningis achievedin a two-stepprocesssketchedin Fig. 2. In the
first stepa frequency chirping is impressedon the radiationpulsewhich can be
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Fig. 1. Basicschemeof thesoftX-ray femtosecondfacility

Fig. 2. Sketchof femtosecondsoft X-ray pulsesynthesationthroughfrequency chirping
andspectralfiltering

obtainedby changingthe electronenergy along the electronbunch,i.e. chirping
the electronbunchenergy beforeit entersthe undulator. Optimumundulatorper-
formancesobtainedwith small electronbeamdivergenceandlocal energy spread
(conditions(1) arefulfilled). Theangularacceptanceapertureis usedfor selection
of thefractionof undulatorradiationwithin thecentralcone.Whenthis radiationis
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partiallycoherentadownstreamdiaphragmis usedfor selectionof thetransversely
coherentfraction of undulatorradiationwhich is directedto the monochromator.
Thesecondstepis theshortening(or shaping)throughspectralfiltering. This tech-
niqueconsistsof manipulatingthe pulsespectrum.The pulseto be shortenedis
spectrallydispersedusinggrating.Thespectrumis propagatedthroughanexit slit
which spectrallyfilters the pulse.The resolutionof the monochromatoris equal
to ���D� , the centralfrequency is equalto � R and ������� R � ��� ��� . The shortest
pulsedurations��� thatcanbeobtainedaredetermined(at fixednumberof undu-
lator periodsandundercondition(1)) by the finite durationof the input pulse � R
(FWHM) andbunchenergy chirp ����a���a : ����� � R � S  ��� ��a��xa V . If thereis an
rms local energy spread�ba within the bunch,the shortestpulsedurationcanbe
approximatedby

�����$� R 0 a � � S  �`� ��a V � 1 S �ba����xa V � 9 (2)

3 Numerical example

The operationof linac-basedfemtosecondsynchrotronradiationfacility is il-
lustratedfor the TESLA TestFacility. Table1 lists someof the basicparameters
of theelectronbeam,undulator, monochromator, andoutputradiation.Theradia-
tion wavelengthcanbechangedeitherby changingtheelectronbeamenergy and
additionallyby changingtheundulatormagnetgap.Fig. 1 illustrateshow thetech-
nique is usedto obtainspatiallycoherentradiationfrom the undulator. Only the
angularacceptanceapertureis introduced.Thedesignvalueof thetransverseemit-
tanceof the electronbunch in the TTF acceleratoris small, so the spontaneous
radiationwithin thecentralconeis transverselycoherentat thewavelength10 nm
andlongerandthereis no needin anadditiondiaphragm.For undulatorwith 250
periods,a monochromatorandbeamlineoptics,with anoverall efficiency ¡ of 10
% (30 % gratingefficiency andfive glancingincidencemirrors at 0.8 reflectivity
each)areusedto obtain �������¢�£ ¤"¥�(� 
�% . In this casewe have �xa���a¦� ���
and �ba���a �§�j9m��� and,accordingto (2), the minimum soft X-ray pulsedura-
tion reachesa valueabout30 fs (FWHM). Theaveragenumberof photonsat the
monochromatorexit can exceed �	� ) photonsper 30-fs durationpulse.An aver-
agebrilliance would be about �	� 
'& photonss
 
 mrad
�� mm
�� per 0.1 % BW. The
femtosecondfacility at TTF is designedto be tunablein thephotonenergy range
50-200eV, correspondingto the500-700MeV electronenergy and0.2-0.5T un-
dulator field. Note that monochromatorprovidesspatially andspectrallyfiltered
radiationpulse.

The proposedphasebunchingsystemis sketchedin Fig. 3. Compressingthe
bunchwill bedonein stagesto avoid spacechargeandcoherentsynchrotronradi-
ation (CSR)andotherwakefieldeffectslimiting the achievablebunchlengthand
transverseemittance.Thefirst compressionis from1.6mmto 400 ¨ m (rms).It con-
sistsof a150MeV acceleratingmodulefollowedby thefirst TTF magneticchicane
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Table1
Parametersof theTTF linac-basedfemtosecondfacility
Electronbeam

bunchenergy, MeV 500- 700
bunchcharge,pC 100
rmslocal energy spread,% 0.1
rmsincomingenergy spread,% 1
final rmsbunchlength, © m 20
normalizedemittance,ª mm-mrad 2
numberof bunchespertrain 7200
bunchspacing,ns 111
repetitionrate,Hz 10

Undulator
Type planar
numberof periods 250
period,cm 2.7
min. gap,mm 12
max.peakfield, T 0.5
externalbeta-function,m 10

Gratingmonochromator
resolution,% 0.4
efficiency, % 10
photonenergy, nm 50- 200

Outputradiation
photonenergy, nm 50- 200
min. pulseduration,fs (FWHM) 30
numberof photosperpulse «�¬ )
spectrumwidth, % (FWHM) 0.4

generating­ )�® neededfor bunchcompression[5]. Calculationsshow thatinduced
energy spreadandemittancedilution shouldnot bea seriouslimitation in BC1 at
100pC bunchcharge.After leaving thefirst bunchcompressortheelectronbunch
of 400 ¨ m lengthis acceleratedin thenext partof theTTF linac with anon-crest
phasefrom 150MeV to 500MeV. For thesecondcompressiontherequiredlarge
correlatedenergy spreadin thebunchof 5 MeV is inducedby passingthelastpart
of acceleratingstructureat ¯���° crossingphase.Our analysisshows that adequate
solutionfor theBC2designis adoublechicane.Therequirementsfor themagnetic
bunchcompressorin our casearevery closeto thosefor themagneticbunchcom-
pressorBC2 in theLinac CoherentLight Source(LCLS) project[6]. Eachchicane
is twelvemeterslongandcontainsfor aC-typebendingmagnets.Fourquadrupoles
areplacedbetweenthechicanesin locationswherethedispersionpassesthrough
zero.Sincetheenergy spreadgeneratedby CSRis correlatedalongthebunch,its
effect on the transverseemittancecanbe compensatedin a doublechicanewith
optical symmetryto cancelthe longitudinal-transversecoupling[6]. Calculations
show a net BC2 emittancedilution of 2 % with CSR inducedenergy spreadof
0. 03 % (at 100 pC charge per bunch).Table2 summarizesthe proposeddesign
parametersfor BC2 providing bunchcompressionfrom 400to 20 ¨ m (rms).
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Table2
Parametersof the2ndbunchcompressordoublechicane

Parameters Symbol Unit Value

bunchenergy ± MeV 500
bunchcharge ² pC 100
initial rmsbunchlength ³j´ © m 400
final rmsbunchlength ³j´ © m 20
rmsincomingenergy spread µ¶±E·i± % 1
netmomentumcompaction ¸ )�® mm 34
total systemlength ¹ krlnk m 35
lengthof eachdipolemagnet ¹Dº m 1.5
drift between1sttwo (lasttwo) dipoles »`¹ m 3.4
drift betweencentertwo dipoles »`¹ � m 0.5
bendanglefor eachof 1stfour dipoles ¼ º 
 deg 3.4
bendanglefor eachof lastfour dipoles ¼iº � deg 1.3
magneticfield for eachof 1stfour dipoles ½ 
 G 660
magneticfield for eachof lastfour dipoles ½ � G 250
emittancedilution dueto CSR »�¾�·(¾ % 1.5
rmsCSRenergy spread »`±2¿�ÀJÁf·i± % 0.03

Fig. 3. TTF femtosecondfacility compressionandaccelerationschematic
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Abstract

New proposalof a fs X-ray facility, which is describedin this paper, is basedon theuse
of X-ray SASEFEL combinedwith afs quantumlaser. An ultrashortlaserpulseis usedfor
modulationof theenergy anddensityof theelectronswithin a sliceof theelectronbunch
ata frequency ���
	�� . Thedensitymodulationexiting themodulator(energy-modulationun-
dulatoranddispersionsection)is about10%.Following themodulatorthebeamentersan
X-ray SASEFEL undulator, andis bunchedat a frequency ��
 . This leadsto anamplitude
modulationof thebeamdensityat thesidebands� 
�� � �
	�� . Thesidebanddensitymodu-
lation takesplaceat thepartof theelectronpulsedefinedby thedurationof theseedlaser
pulsethat is muchshorterthantheelectronpulse.Following theSASEFEL undulatorthe
beamandSASEradiationenterundulatorsection(radiator)which is resonantat the fre-
quency ��
������
	�� . Becausethebeamhasa largecomponentof bunchingat thesideband,
coherentemissionis copiouslyproducedwithin fs sliceof theelectronbunch.Separation
of thesidebandfrequency from thecentralfrequency by a monochromatoris usedto dis-
tinguishthefs pulsesfrom thesub-psintenseSASEpulses.

1 Introduction

In thispaperweproposesidebandseededX-ray SASEFEL capableto produce
femtosecondpulses(seeFigs.1, 2). An ultrashortlaserpulseis usedto modulate
thedensityof electronswithin a femtosecondsliceof theelectronbunchat a fre-
quency � �
	�� . We begin theFEL operationby positioningthe interactionregion on
theelectronbunch.Theseedlaserpulsewill betimedto overlapwith centralareaof
theelectronbunch.Thisultrashortlaserpulseservesasaseedfor modulatorwhich
consistsof anuniform(energy-modulation)undulatorandadispersionsection.The
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Fig. 1. Basicschemeof asidebandseededSASEFEL

Fig. 2. Descriptionof the sidebandgenerationfor the caseof the densitymodulationas
initial conditions.

interactionof seedpulsewith theelectronbeamproducesanenergy modulationat� �
	�� .
This energy modulationis convertedinto a spatialbunchingin the dispersion

section.Densitymodulationat themodulatorexit is about10%.Theenergy mod-
ulation,introducedby themodulator, is smallerthantheinitial energy spread.Fol-
lowing themodulatorthebeamandseedradiationenterSASEundulatorwhich is
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resonantwith X-ray radiationat frequency � 
 . Theprocessof amplificationof the
radiationin the X-ray undulatordevelopsin the sameway asin the conventional
SASEFEL: fluctuationsof theelectronbeamcurrentdensityserveastheinputsig-
nal. The seedingoptical radiationdoesnot interactwith the electronbeamin the
X-ray undulatorandis diffractedoutof theelectronbeam.By thetime thebeamis
bunchedin theSASEFEL undulatoratfrequency � 
 , theX-ray radiationpowerhas
reachedsaturation.This leadsto amplitudemodulationof densityat thesidebands� � 
�� � �
	��
� . Thesidebanddensitymodulationtakesplaceonly at thatpartof the
electronbunchdefinedby the lengthof the seedlaserpulsethat is muchshorter
thantheelectronbunch.Following theSASEFEL undulatorthebeamandX-ray
radiationenterundulatorsection(radiator)which is resonantwith the � 
�� � �
	�� ra-
diation.Becausethebeamhasarelatively largecomponentof bunchingat thelong
wavelengthsideband,coherentemissionat � 
�� � �
	�� is copiouslyproducedwithin
femtosecondsliceof electronbunch.After leaving the radiatortheelectronbeam
is deflectedontoa beamdump,while thephotonbeamentersthemonochromator,
whichselectsfs softX-ray pulse.

In this paperwe analyzea possibility for integrationof proposedfemtosecond
facility into thesoftX-ray SASEFEL beingunderconstructionat theTESLA Test
Facility at DESY [1]. On thebasisof theparametersof TTF SASEFEL andlaser
pulsesof 25 fs durationand 6 � J energy at a repetitionrate of 10 kHz (from a
Ti:sapphirelasersystem),it shouldbepossibleto achieve anaveragebrillianceof�����
�

photonss "! mrad � mm � per 0.1 % BW in the photonenergy range25-100
eV. ThefemtosecondSASEFEL will providesoftX-ray pulseswith 30fs (FWHM)
duration.Thenumberof photonsat themonochromatorexit (atmonochromatoref-
ficiency 10%) canexceed

��� !
! per pulsewhich is by threeordersof magnitude
abovethebackground.Thiscreatesperfectconditionsfor experiments.It is impor-
tantto noticethattheproposedfemtosecondoptionof SASEFEL at theTTF is an
additionalto a fully functioningSASEFEL improving theoutputradiationbeam
propertiesconsiderablyandthusextendingtherangeof possibleapplications.

2 General description of femtosecond X-ray FEL option at TTF

Themaingoalof thepresentstudyhasbeento designafemtosecondsoftX-ray
facility which is compatiblewith thelayoutof theTTF andthesoftX-ray FEL be-
ing underconstructionatDESY. Figures3 illustratehow theproposedfemtosecond
facility fits theTTF FEL layout.This designmakesuseof thespentelectronbeam
leaving the SASEFEL. An additionalfacility to be installedis a sidebandmod-
ulator andsidebandradiator. The sidebandmodulatoris locatedin front of main
undulatorandconsistsof 0.4 m long undulator(magneticperiodlength #%$'& 7.5
cm,themaximumvalueof magneticfield is ()$ = 0.7T) and0.5m longdispersion
section(chicaneconsistingof permanentmagnets).Thesidebandradiatoris located
after themainundulatorandconsistsof oneor two 4.5m standardTTF undulator
modules( #*$ = 2.73cm, (+$ = 0.51T) tunedto thesidebandfrequency. In thiscon-
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Fig. 3. Schematiclayoutof thefemtosecondpump-probefacility whichfits with softX-ray
SASEFEL

ceptualdesignwe assumeto usea Ti:sapphirelasersystemasa seedlaser, which
providesat 400nm wavelength(the 800nm pulseswill bedoubledto 400nm in
a frequency conversioncrystal)a train of 30 fs pulseswith 6 � J opticalenergy per
pulse,at 10 kHz repetitionrate.The installationof the femtosecondseedingsys-
tem is greatlyfacilitatedby the fact thatpresentdesignof theSASEFEL at TTF
providesrequiredfreespacefor theinputopticalelementsandsidebandmodulator.

ThesidebandseededSASEFEL operatesasfollows(tobespecific,weconsider
thecaseof 10nmSASEFEL). Theseedlaserpulseis timedto overlapwith central
areaof electronbunch.This ultrashortlaserpulseinteractswith theelectronbeam
in the shortmodulatorundulator, which is tunedto be resonantto 400 nm. The
resultingenergy modulation(about0.5 MeV) is thenconvertedto spatialbunch-
ing while theelectronbeamtraversesadispersionsection(a three-dipolechicane).
Densitymodulationat thechicaneexit is about20%.Following themodulatorthe
beamandseedradiationenterSASEundulatorwhich is resonantwith X-ray radia-
tion at 10nm.Theprocessof amplificationof theradiationin the10 nm undulator
developsin the sameway as in the conventionalSASEFEL: fluctuationsof the
electronbeamcurrentdensityserveastheinputsignal.The400nmseedingoptical
radiationdoesnot interactwith the electronbeamin the 10 nm undulatorandis
diffractedout of theelectronbeam.By thetime thebeamis bunchedin theSASE
FEL undulatorat 10 nm, the X-ray radiationpower hasreachedGW level. This
leadsto amplitudemodulationof densityat thesidebands

��� � �%,.-0/
nm(seeFig 2).

Thesidebanddensitymodulationtakesplaceat the30 fs partof theelectronpulse,
definedby the durationof the seedlaserpulsethat is muchshorterthanelectron
pulse(400 fs FWHM). When this coherentlybunchedbeamentersthe sideband
radiatorundulatorthereis a rapidcoherentgenerationof 10.25nm radiation.For
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Table1
Parametersof thesidebandmodulator
Undulator

Type planar

numberof periods 5

period,cm 7.5

peakfield, T 0.7

externalbeta-function,m 1.7

Seedlaser

wavelength,nm 400

min. pulseduration,fs (FWHM) 25

energy perpulse,1 J 6

spectrumwidth transformlimited

rep.rate,kHz 10

anopticalwavelength400nm,thepeak-to-sidebandseparationhasavalueof 2.5%
. Monochromatorwith resolution0.5%locatedat the endof beamlineprovidesa
meansfor selectingradiationoriginatingfrom differentfrequency regionsof radi-
ationspectrum.BecausetheSASEFEL bandwidth(about0.5% FWHM) is much
lessthanthe separationof the sidebandsfrom the main peak,we obtaincleanfs
pulseafterthemonochromator.

Thewavelengthof femtosecondsoftX-ray pulsescanbetunedcontinuouslyin
a wide range.At fixed gapsof themodulatorundulatorandthesidebandradiator
undulatorthe tunability of the output radiationis provided by changingsimulta-
neouslythe electronenergy andthe wavelengthof the seedlaser. In this casethe
sidebandradiatorundulatoris a versionof thestandardTTF FEL undulatormod-
ule with thepeakmagneticfield on axisa few percentlargercomparingwith the
mainundulator. An additionalpossibilityof variablegapmodulatorundulatorand
radiatorundulatorwould allow to increasefurther the tunability of output radia-
tion from thesidebandseededSASEFEL. Applicationof bothmethods(variable
gapmodulatorandradiatorundulatorandtunableseedlaser)wouldallow to cover
thewavelengthrangeof thesidebandseededSASEFEL at TTF from 40 to down
10 nm.

Thesynchronizationof theopticallaserwith theelectronpulsesto within 200fs
is themostchallengingtaskof thisproposal.Themainproblemis thetimejitter ( � 1
ps)of electronandseedlaserpulses.Thejitter of electronpulsesoriginatesin the
photoinjectorlasersystem(laserpulsejitter) andin themagneticbunchcompres-
sors(from predicted� 0.1%electronbunchenergy jitter). Due to this uncertainty
not every femtosecondoptical pulsewill producefemtosecondX-ray pulse.The
predictedprobabilityof positioningtheinteractionregion on theelectronbunchis
about10%only. Randomproductionof femtosecondsoftX-ray pulsesneedsto be
controlled.Separationof the sidebandfrequency from the centralfrequency can
be usedto distinguishthe 30-fspulsesfrom the intense200-fsSASEpulses.I.e.,
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Table2
Parametersof thesideband-seededX-ray SASEFEL
Radiatorundulator

Type planar

numberof periods 150

period,cm 2.73

peakfield, T 0.51

externalbeta-function,m 1.7

Outputradiationaftermonochromator

wavelength,nm 10-40

min. pulseduration,fs (FWHM) 30

numberof photosperpulse 243 !
!
spectrumwidth, % (FWHM) 0.5

appearingof X-ray pulseat thesidebandfrequency will indicatethat theseedop-
tical pulseis overlappedwith thecentralpartof theelectronbunch.Moreover, this
alsoindicatesthattheseedopticalpulseandoutputfs X-ray pulsearesynchronized
with anaccuracy betterthan30 fs.

Pumpprobetechniqueswhicharecommonlyusedwith opticallasers,arehighly
desirablein orderto make full useof the femtosecondsoft X-ray pulses.Sincein
thiscaseprecisetiming is neededwith ajitter of lessthan30fs,wesuggestto com-
bine the femtosecondsoft X-ray pulseswith optical pulsesgeneratedin the seed
lasersystem.It shouldbeemphasizedthatin proposedschemefemtosecondX-ray
pulseis naturallysynchronizedwith his femtosecondopticalpulseandcanceljitter.

Tables1–2 list someof thebasicparametersof theundulators,seedlasersys-
tem,monochromatorandoutputradiation.For fs facility atTTF, amonochromator
andbeamlineoptics,with anoverallefficiency of 10% (30% gratingefficiency and
five glancingincidencemirrorsat 0.8 reflectivity each)canbeusedto obtainreso-
lution 5+�768�9& �%,./

% . ThefemtosecondSASEFEL will providesoftX-ray pulses
with 30 fs (FWHM) duration.Theaveragenumberphotonsat themonochromator
exit canexceed

�:� !
! photon/pulse.Thefemtosecondfacility at TTF is designedto
be tunablein the photonenergy range25-100eV. Analysisof the practicallimit
for theachievablepulsedurationhasshown thattheoutputX-ray pulsedurationis
limited by theopticalpulseduration.A practicallimit for achievablepulseduration
of Ti:sapphirelasersystemis about10 fs.

3 FEL Physics and Simulations

Fromtheverybeginningof thissectionwecombineall theconditionssufficient
for the effective operationof a fs SASEFEL. During the passagethrougha long
main SASEundulatorthe electrondensitymodulationat optical wavelengthcan
be suppressedby energy spreadin the electronbeam.For effective operationof
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thefs FEL energy spreadsuppressionfactorshouldbecloseto unity. This leadsto
following condition: ;<� 5)= � �?>�@�� A �CB � ��
	�� 6 � -�D �FE�GH = �
 ��I �J,
where K ;�� 5)= � > is the standartenergy deviation,

E H & E 6 � �MLONP�A �CB 6 - � !RQ � is the
longitudinalrelativistic factor,

N A �CB and
@ A �CB is theundulatorparameterandundu-

lator length,respectively, thesubscript
� - � refersto themainundulator. Thechosen

parametersfor theSASEFEL andtheseedlasersystemsatisfythis condition,and
to makepreservationof thebeamdensitymodulationin thecaseof theTTF SASE

Fig. 4. Energy modulationof theelectronbeamat theexit of themodulatorundulator.

Fig. 5. Densitymodulationof theelectronbeamat theexit of thedispersionsection.
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Fig. 6. Evolutionof theradiationpulsein theradiatorundulator. In theleft plotswepresent
total pulse,and in the right plots – spectrallyfiltered at the sideband.The lengthof the
radiatorundulatoris equalto 3, 4 and5 m for upper, middleandlowerplots,respectively.

FEL parametersis possible.

In whatfollowsweusethefollowing assumptions:� 
TS � �
	��US 5+�WVFX*VFY . We
alsoassumethat 5+�WVFX"VFY S � 6[Z �
	��\S � 6[Z^] . Here Z �
	F� and Z^] is the seedoptical
pulseandelectronpulseduration,respectively. Suchassumptionsdo not reduce
significantlythe practicalapplicability of the resultobtained.Let us considerthe
first condition. It is obvious that the parameter� �
	�� 68� 
 is much lessthan unity
for X-ray SASEFEL. We alsoassumethattheSASEbandwidthis muchlessthan
theseparationof thesidebandsfrom themainpeak.Thisrequirementis of acritical
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Fig. 7. Evolution of the spectraldistribution of the outputradiationpower in the radiator
undulator. In theleft plotswe presentspectrumin logarithmicscale,andin theright plots
– in thelinearscale.Thelengthof theradiatorundulatoris equalto 0, 3 and5 m for upper,
middleandlower plots,respectively.

importanceto theoverallperformanceof thefs SASEFEL. In thiscase,monochro-
matorcanbeusedto distinguishthe fs pulsesfrom the intenseSASEpulses.The
presentstudyassumeswavelengthof seedlight to be very long comparedto the
SASEradiationwavelength.Underthis limitation we neglect thegradientof den-
sity andenergy within theSASEradiationwavelengthat theentranceof mainun-
dulator. Dueto this reasonit is alsoconvenientto describeeffectof theenergy and
densitymodulationnot by energy-phasedistribution function, but by periodical
bunchprofile andperiodicallycorrelatedenergy spread.The physicalinterpreta-
tion of approximation5+�WVFX"V_Y"68� �
	��7I �

is that theslippageof theradiationwith
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respectto the electronsper gain length (in the SASEFEL) is much longer than
theseedlaserwavelength.Let usconsiderthesecondcondition.It is obviousthat
thefs FEL hasadvantageover conventionalSASEFEL only whenelectronbunch
is muchlongerthantheseedlaserpulse.The physicalinterpretationof condition5+�UV_X"VFY S � 6[Z �
	�� is that theopticalpulseis muchlongerthantheslippageof the
radiationwith respectto theelectronsat onegainlength.

Weillustrateoperationof afs optionof FEL for parametersof theTTF FEL op-
eratingat thewavelengthof 20nm.Parametersof theopticallaserare:wavelength
400nm,energy in thelaserpulse6 � J,andFWHM pulseduration25 fs. Thelaser
beamis focusedontotheelectronbeamin ashort(fiveperiods)undulatorresonant
at theopticalwavelengthof 400nm.Optimalconditionsof focusingcorrespondto
thepositioningof the laserbeamwaist in thecenterof theundulator. Thesizeof
thelaserbeamwaist is twice aslargethantheelectronbeamsize.Dueto thereso-
nantinteractionof theelectronbeamwith opticalfield in theundulatortheelectron
beamis modulatedin theenergy asit is shown in Fig. 4. Uponleaving themodu-
lator theelectronbeampassesthedispersionsection,is modulatedadditionallyin
thedensity(seeFig. 5), andis directedto anX-ray undulator.

Parameteroptimizationhavebeenpreformedwith three-dimensional,time-dependent
codeFAST [2] taking into accountall physicaleffectsinfluencingtheFEL ampli-
fier operation(diffractioneffects,energy spread,emittance,slippageeffect,etc).In
[3] we discussedthe modificationof codeFAST requiredto carry out the clcula-
tionsof thesidebandgeneration.Theresultsof optimizedconfigurationof 20 nm
sideband-seededoptionof SASEFEL at theTESLA TestFacility aresummarized
in Table3. Initial conditionsfor theseededsidebandhave beenfixedwith general
case,i.e. the slice of the electronbunchis modulatedin energy andin densityat
theentranceto theX-ray undulator(seeFigs..4 and5). Optimallengthof themain
undulatoris given by the conditionof maximumspectralpurity of the sideband.
In the caseunderstudy optimal lengthof the main undulatorshouldis equalto
10 m. Figures6 and7 show theevolution of thefs radiationpulseandthespectral
distribution of theoutputradiationpower in thesidebandradiator. Analysisof the
spikesof thecompleteradiationpulse(plotsin theleft columnof Fig. 6) showsthat
the radiation,producedin the main undulator, doesnot interactwith the electron
beam.Only thatsliceof theelectronbunch,seededby thesideband,producesthe
radiation.Cut structureof the spikesof the centralpart of the beamis dueto the
interferenceof the radiationform the main undulatorwith frequency � andfrom
thesidebandradiatorwith frequency � � � �
	�� . After 5 m longsidebandradiatorthe
radiationpower in fs pulserapidly reachesthelevel of a few GW, andtheenergy in
thefs pulsereachesthevalueof about30 � J.Totalundulatorlengthof thesideband
seededSASEFEL is about15 meters.

In conclusionto this sectionwe shouldnotethat calculationsof the radiation
power have beenperformedfor thecaseof an idealmonochromator. In thewave-
lengthrangeof 10–40nm themonochromatorefficiency is about10 percentonly,
so the radiationpower availablefor userexperimentsis roughly by oneorderof
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magnitudelessthanthatshown in Figs.6 and7.
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SeveralexperimentsareplannedattheTESLA TestFacility usingelectro-opticsamplingfor determiningthetemporalprofile
of theelectronbuncheswith a resolutionin the100 fs regime. In thefirst stepcoherenttransitionradiationin theTHz range
will beutilized to comparethedirect(time-domain)determinationof thelongitudinalbunchstructurewith theinterferometric
(frequency domain)method. In thenext steptheelectro–opticsensorwill be mountedinsidethebeamvacuumchamberfor
probingtheCoulombfield carriedby thebunch.A 15 fs Ti:Salaserwill beusedto probethebunchfield by differentialoptical
gating.Thehighbandwidth(60nm)of thelaserpermitsalsosinglebunchmeasurementsby usinglinearlychirpedlaserpulses.
Theexperimentalsetupis describedandfirst resultsarepresentedon thesynchronizationof theTi:Salaser, runningat81MHz
repetitionrate,to the1300MHz RF frequency of thelinac.

1. INTRODUCTION

The TTF Free Electron Laser currently achieves
wave lengthsbelow 100 nm and will soon be ex-
tendedinto thesoftX rayregime.To achievethehigh
peakcurrentsneededin the SASEprocessthe elec-
tron bunchesmustbe compressedto sub-picosecond
length,henceanultrafastdiagnosticsis needed.The
techniqueof electro–opticsampling (EOS) [1] of-
fers this possibility: the time profile of picosecond
THz radiationpulsescan be determinedby passing
them througha non-linearoptical crystal like ZnTe
where they induce a birefringenceproportional to
the electric field. This birefringenceis then sam-
pledwith a polarizedfemtosecondlaserpulse. In an
electronlinac the THz pulsecan comeeither from
coherenttransition radiation or from the Coulomb
field co-moving with therelativistic bunch[2]. Non-
destructive bunch length measurementsare possible
by using a diffraction radiation screenwith a cen-
tral slit for beampassageor by placing the ZnTe
crystaldirectly into the beampipe at a few mm dis-
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tancefrom theaxis.Thesynchronizationbetweenthe
bunchesandtheultrashortlaserpulsesis a challenge
which can be greatly relieved by applying a linear
chirp of 5 – 10 ps to the probelaserpulse. The re-
sulting time–frequency correlationallows to encode
thetime-varyingelectricfield of therelativistic bunch
into thefrequency-dependentelliptical polarizationof
the chirpedlaserpulsewhich canbe recoveredby a
diffraction grating and a CCD camera. It hasbeen
recentlydemonstratedat theFELIX that this method
allows single shot measurementsof high resolution
[3].

2. EXPERIMENTAL SETUP

Theexperimentalsetupusedfor thefirst testsis lo-
catedbehindtheTTF undulator. Coherentdiffraction
radiation (0.1 – 1 THz) from an aluminizedscreen
with a centralslit is passedthrougha wire grid split-
ting it into two polarizationcomponents. One of
theseentersaMartin–Puplettinterferometerwhile the
other is focusedonto a 0.1 mm thick 	�
�
�
�� ZnTe
crystal. The pulsesfrom a 15 fs Ti:Sa laser[4] are
guidedthroughthe ZnTe crystalparallel to the THz
pulse. The remainingpart of the experimentresem-
blescloselythestandardsetupfor electro–opticsam-

60



pling in THz spectroscopy [1] and will not be de-
scribedin this shortnote.

Figure1. Radialelectricfield strengthsof transition
radiationandfrom therelativistic Coulombfield. The
transversedistributionis shown in theleft partandthe
temporalonein theright partfor 1 mmdistanceto the
symmetryaxis.

Foranestimationof theelectro-opticeffectin ZnTe
the strengthof the electric fields must be known.
Theradialfields,computedfor anelectronenergy of
230MeV, a bunchchargeof 1nC, andan rms bunch
lengthof 0.5ps,areplottedin fig. 2. The peakelec-
tric field amountsto 24kV/mm for transitionradia-
tion in theimageplaneof thetransporttelescopeand
to 8kV/mm for theCoulombfield at 10mm distance
to the electronbeam.The resultingphasedifference
betweenthe ordinaryandextraordinarylaserray for
a 100 � m long ZnTe crystalis 0.3radand0.1rad,re-
spectively.

Thelaseris mountedonanvibration–dampedopti-
cal tableoutsidetheacceleratorbuilding. Theoptical
transportis activelystabilizedwith apiezo–controlled
mirror and restrictsthe positional jitter of the laser
beamon the ZnTe–crystalto less than 10% of the
beamdiameter.

Due to the low repetition rate of the electron
bunchesin TTF (1MHz) the synchronizationwith
the Ti:Sa pulses(81MHz) is a demandingtask. In
a first stepthe 16th harmonicof the laserrepetition
frequency is synchronizedto the 1.3GHz frequency
of the linac by meansof a phaselocked loop. The
measuredphasejitter is plotted in fig. 2. The rms
time jitter derivedfrom this measurementamountsto
0.75ps. This valueis sufficiently small to provide a
goodtemporaloverlapbetweena chirpedlaserpulse

andtheTHz signalfrom thebunchedelectronbeam.
It mayevenallow to applytheprincipleof differential
opticalgating[5].
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Figure 2. Measuredphasejitter of Ti:Sa laserwith
respectto 1.3GHz linac frequency.
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Abstract

In this paperwe describethe radiationdetectorfor a nondestructive measurementof
VUV radiation.Detectorconsistsof a thin gold wire scatteringtiny fractionof theSASE
FEL radiationontoa micro-channelplate(MCP). Sucha simplesystemmeetsall the re-
quirementsfor theVUV radiationdetector. Its dynamicrangefor intensitymeasurements
coversup to eight ordersof magnitudewhich ideally fits the operatingrangeof a SASE
FEL. Thedescribeddetectoris usedin theRAFEL experimentbeingunderpreparationat
theTESLA TestFacility at DESY.

1 Introduction

TheRegenerative FEL Amplifier (RAFEL) project[1,2] is underdevelopment
at theDESYTESLA TestFacility. Realizationof thisprojectwill allow to increase
the brilliance of the output radiationby two ordersof magnitudewith respectto
single-passschemeandobtainthelight sourcewith laser-like characteristics.This
becomespossibledueto installationof narrow-bandopticalfeedbacksystemin the
high-gainFEL amplifier. Thebaseof theoptical feedbacksystemat TTF is equal
to 66.5 m (half the distancebetweentwo electronbuncheswhen the accelerator
is operatedin a 2.25MHz multibunchmode).Layoutof RAFEL at TTF is shown
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Fig. 1. Layoutof theregenerative FEL amplifierat theTESLA TestFacility

Fig. 2. Schemeof non-destructive radiationdetector

in Fig. 1. TheRAFEL operatesasfollows.Thefirst bunchin a train of up to 1800
bunchesamplifiesshotnoiseandproducesintense,but wide-bandradiation.A frac-
tion of theradiationis back-reflectedby a mirror. Thesphericalgratingin Littrow
mountingwhich is installedin astraightsectionin theelectronbunchcompression
areabetweenthe first andthe secondacceleratormodule,dispersesthe light and
focusesa narrow bandof radiationbackon the entranceof the undulatorto seed
next electronpulse.After severalround-tripsoutputradiationspectrumapproaches
transform-limitedwidth andoutputpower reachessaturationlevel.

Specificfeaturesof theTTF FEL do not allow us to useits photondiagnostic
systemfor monitoring an optical beamat operationin the RAFEL modewhich
forcedusto developcompact,nondestructivediagnosticsof VUV radiation.At the
momentsuchdiagnosticshasbeendevelopedandsuccessfullytestedat TTF FEL.
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Fig. 3. MCP gainversusappliedvoltage.Thecircle is a referencepoint correspondingto
intensityof spontaneousradiationfrom TTF FEL undulatorat1 nCandenergy of 230MeV

2 Principle of operation

Principle of nondestructive optical beammonitoring is illustrated in Fig. 2.
A thin (0.25 mm in diameter)gold wire is installedin front of eachoptical ele-
ment (mirror or grating).A tiny fraction of the incident radiationis reflectedin
transversedirectionanddetectedby a micro-channelplate(MCP).TheMCP con-
sistsof a large numberof thin conductive glasscapillarieswhich work asan in-
dependentsecondary-electronmultipliersandform a two-dimensionalsecondary-
electronmultiplier asa whole.We usethe MCP of F4655-typemanufacturedby
theHamamatsuCorporation.Thesedevice is directly sensitive to UV/VUV radia-
tion with highdetectionefficiency. TheMCPamplificationcoefficientcanbeeasily
tunedin a wide rangeby changingpower supplyvoltagewhich is appliedto MCP
assembly. Thesefeaturesmake an MCP a perfectdetectorfor monitoring VUV
radiationgeneratedby TTF FEL.

Specificfeatureof MCPis nonlineardependenceof thegainon thevoltageap-
plied,sospecialeffortshavebeendirectedfor calibrationprocedure(manufacturer
of MCP doesnot provide the calibrationcharacteristicswith requiredaccuracy).
Calibrationof MCP gainhasbeenperformeddirectly at theTTF with VUV inco-
herentradiationfrom theTTF FEL undulator. Thestabilityof thissourceis mainly
givenby fluctuationsof thebunchchargeandwasabout5%rmsduringcalibration
run. Time durationof oneradiationpulseis aboutonepicosecond.The intensity
of radiationwaschangedby meansof changingthebunchchargeandinsertingof
diaphragmswith differentaperturebetweentheTTF FEL undulatoranddiagnostic
chamber. Local gaincharacteristicsweremeasuredat differentlevelsof radiation
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intensitiesandthengeneralgaincurve wasreconstructedin a wide rangeof MCP
power supply voltages.An absolutesettingof MCP gain was performedin the
regime of singlephotondetection.In the region of lower power supplyvoltages
thesedataweresupplementedwith similar measurementsperformedby meansof
Xe flashlamp.Thegaincurve outsidecalibratedregion wasextrapolatedfrom ex-
perimentalpoints.Generalgaincharacteristicof MCP-baseddetectoris shown in
Fig. 3. It is seenthatdetectoris capableto monitortheradiationin thewholerange
of SASE FEL operationup to saturationlevel (betweensix andseven ordersof
magnitudewith respectto thelevel of spontaneousemission).Thecircleat thegain
curvein Fig.3 is areferencepointcorrespondingto theenergy of theradiationpulse
of spontaneousradiationfrom TTF FEL undulator(about1 nJwithin coherentan-
gle)at thebunchchargeof 1 nCandenergy of 230MeV. Suchabsolutecalibration
givesus the possibility for absolutemeasurementsof the radiationenergy in the
radiationpulses.

3 Experimental results

The MCP-basedphotondetectorsareinstalledin both RAFEL chambersand
are in operationat the TTF FEL during oneyear. Our experienceshows that at
normaloperatingregimeof theacceleratorthebackground(electronbeamanddark
currentlosses)almostdoesnot disturbsignalwhich allowsusto monitorvery low
levelsof VUV radiationintensities.For example,wecandetectsimultaneouslythe

Fig. 4. On-line monitoringof the radiationat TTF FEL. The circles representa train of
radiationpulsesproducedby TTF FEL. Solid curve is averageovermany macropulses.
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Fig. 5. Photoof radiationdetectorunit installedat theTTF accelerator

direct SASEradiationpulsefrom undulatorandthe samepulsepassedcomplete
round-tripin theoptical feedbacksystemof theRAFEL [2]. This is very effective
tool for final alignmentof optical elementsof the RAFEL. Our experiencealso
shows that useof MCP-baseddetectorsignificantly simplifies tuning the SASE
regime,sinceit detectsreliably very small increaseof the radiationintensityat a
level of a few percentat normalizationof thesignalto thebunchcharge.

At themomentMCP-baseddetectorinstalleddownstreamtheundulatoris rou-
tinely usedfor on-linemonitoringof SASEFEL radiationandallows oneto mea-
suretheenergyof individualradiationpulses.Figure4 illustratestypicalmacropulse
of the TTF FEL operationat 2.25MHz. The relative accuracy of thesemeasure-
mentsis betterthan5%.Oneshouldnotwonderthatlargefluctuationsof thebunch-
to-bunchradiationenergy occur. Theseis intrinsicpropertyof thesingle-passFEL
amplifierstartingfrom shotnoise.Theuseof suchaprecisetool asMCP-basedra-
diationdetectorgaveusthepossibilityto performprecisestudyof statisticalprop-
ertiesof theSASEFEL radiation[3].

During lastshutdown we installedanadditionalradiationdetectorunit (RDU)
in front of theundulator(seeFig. 5). Thepurposeof this detectoris alignmentand
monitoringtheseedingradiationpulseattheundulatorentrance.Thisunit alsouses
thin reflectingwire andMCP detector. Thewire is placedhorizontallyandis mov-
ablein verticaldirectionwithin �
	�� mmwith respectto theaxisof theaccelerator.
With thisdevicewecanmeasuresimultaneouslysignalscorrespondingto theelec-
tronbeampulse,radiationpulsepropagatingfrom themirror attheundulatorexit to
thegrating,andtheseedingpulsereflectedfrom grating.Thisbecomespossiblebe-
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causeall thesepulsesareseparatedin time.Scanningwith awire givesusaveraged
spotsizeandpositionsof theelectronbeamandtheradiationpulses.Background
conditionsat thelocationof RDU arequitemoderatefor performingprecisemea-
surements.Oneof the resultsis first experimentalverificationof the fundamental
featureof theSASEFEL radiation:fluctuationsof theradiationintensityafter the
narrow-bandmonochromatorfollowsnegativeexponentialdistribution [3].
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Abstract

In this paperwe describeopticalfeedbacksystemof VUV Regenerative FEL Amplifier
(RAFEL) at the TESLA TestFacility at DESY. The aim of the RAFEL experimentis to
constructfully coherent,tunableVUV radiationsourceby meansof applyingnarrow-band
opticalfeedbackin theVUV SASEFEL operatingcurrentlyat DESY. Oneof theproblem
of therealizationof theRAFEL issevererequirementsfor theangularstabilityof theoptical
elements(aboutfew microradians).This problemhasbeensolvedby meansof installation
of active alignmentsystemwith referencelaser. Anotherproblemis alignmentof optical
elementsseparatedby 65 meterswithin complicatedexperimentalconditionsconnected
with aperturelimitations(down to 6 mm).This problemhasbeensolvedin two steps.Pre-
liminary alignmentwith an accuracy of about80 microradianshasbeenperformedwith
laseralignmentsystemandOTR screensusedat theTTF acceleratorfor electronbeamdi-
agnostics.Final alignmenthasbeenperformedwith VUV SASEFEL radiation.Measured
feedbackcoefficient is about1 percentandis in agreementwith designedvalue.
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1 Intr oduction

A VUV/soft X-ray SASEFEL (self amplifiedspontaneousemissionfreeelectronlaser)is
beingunderconstructionat the TESLA TestFacility at DESY [1,2]. At the momentPhaseI
of the TTF FEL facility is in operationcontinuouslycovering wavelengthrangebetween80
and180nm [3,4]. DespiteSASEFEL is capableto provide muchhigherpeakbrilliance than
synchrotronradiationsources,it still possessesa high potentialfor its further increase.Mainly
brilliance of the output radiationfrom the SASEFEL is limited by poor longitudinalcoher-
enceof the radiation:it consistsof a large numberof statisticallyindependentwavepackets.
This is naturalconsequenceof the start-upfrom shotnoiseof the FEL amplificationprocess.
An improvementof the longitudinalcoherenceis possibleonly whencoherentradiationfrom
externalsourceis fed to theundulatorentrance.The power of theseedradiationmustexceed
significantlyeffectivepowerof shotnoisein theelectronbeamin orderto obtainfully coherent
radiationattheexit of theFEL amplifier. Oneof thesolutionsof theseedingproblemexploitsan
approachof regenerativeFEL amplifier[5] with narrow bandopticalfeedback[6]. Ourprevious
studieshave shown thatRAFEL might bean idealsourceof powerful, tunable,fully coherent
UV/VUV radiationwith laser-like characteristics.Expectedparametersof RAFEL option of
RAFEL at theTESLA TestFacility at DESYarepresentedin Table1.

Table1
VUV Regenerative FEL amplifierat DESY

Electronbeam

Energy 180-260MeV

Chargeperbunch 1 nC

Peakcurrent 500A

Bunchseparation 444ns

Undulator

Period 2.73cm

Peakmagneticfield 0.497T

Feedbacksystem

Distancebetweenmirrors 66.4m

Monochromatorresolution �
	���
����
Total transmission �
	���
����

Radiation

Wavelength 80-140nm

Micropulseduration(RMS) 500fs

Peakoutputpower 300MW

Averagepower up to 25 W
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2 Facility description

Generallayoutof RAFEL optionat theTESLA TestFacility is shown in Fig. 1. Theinstal-
lation of the feedbackis greatlyfacilitatedby the fact that thereis freespaceavailablefor the
opticalcomponentsatexactlyhalf thedistancebetweentwo electronbuncheswhentheacceler-
atoris operatedin a2.25MHz multibunchmode.Theopticalsystemconsistsof a mirror anda
grating.Becauseonecanuseopticalcomponentswith goodreflectivity nearnormalincidence,
SiCappearsto beparticularlywell suitedfor theenergy rangeof thePhaseI facility. Thismate-
rial hasexcellentthermalpropertiessuchthatsurfacedistortionsby theaverageabsorbedpower
arenegligible.A simple,fartoopessimisticestimateshowsthatthehighpeakpowershouldalso

module #2 Undulator
chamber
RAFEL

chamber
RAFEL

Accelerating

BC2
Dipole

Dipole EXP1

Fig. 1. Generallayoutof regenerative FEL amplifierat theTESLA TestFacility. Here1 is mirror assem-
bly, and2 is gratingassembly
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Fig. 2. Mirror (left) andgrating(right) assemblymountedat theTTF accelerator

not poseaseriousproblem.If theenergy absorbedperpulseweretransformedinto heatwithin
thesameabsorptionvolume,thetemperaturewould increaseby about1000K — far too little
to causelaserablation.

The RAFEL at the TESLA Test Facility operatesas follows. The first bunch in a train
of up to 1800bunchesamplifiesshotnoiseandproducesintense,but wide-bandradiation.A
fractionof theradiationis back-reflectedby aplaneSiCmirror. Thesphericalgratingin Littrow
mountingwhichis installedin astraightsectionin theelectronbunchcompressionareabetween
the first andthe secondacceleratormodule,dispersesthe light andfocusesa narrow bandof
radiationbackon theentranceof theundulator.

At presentall RAFEL equipmentis installedat theTTF accelerator. It consistsof threeele-
ments:mirror assembly(installed14 metersdownstreamtheundulator),gratingassembly(in-
stalledin thebunchcompressorarea,35 metersupstreamtheundulator),andradiationdetector
unit (installed6 metersupstreamtheundulator).Figures1 and2 show themirror andthegrating
assemblyat TTF accelerator. Eachassemblyconsistsof a vacuumchamber, a setof translators
anda rigid support.Theopticalelements(mirrorsandgratings)arefixedfirmly insidethevac-
uum chambers.The tuning of the optical elementsis providedby meansof translationof the
wholevacuumchamber. Thechambersareinstalledonthetranslatorshaving sufficientnumber
of degreesof freedom.

The vacuumchambershave similar design.A planeSiC mirror and radiationdetectors
(MCP andphotodiode)aremountedinsidethevacuumchamberof themirror assembly. Tiny
fractionof radiationis scatteredto thedetectorsby a thin gold wire or wire grid, thusprovid-
ing the possibility of non-destructive monitoring.The following elementsaremountedinside
the vacuumchamberof the gratingassembly:a curved SiC mirror, curved grating,an optical
prism,andradiationdetectors.Thedesignof thegratingvacuumchamberallows oneto move
all theelementsout of thebeamaxis, thusproviding sufficient aperturefor theelectronbeam
transportin the modeof the TTF Linac operationwithout bunchcompressor2 (BC2). Each
vacuumchamberhasa viewport for laserpre-alignmentof theopticalelements.During recent
shutdown we installedadditionallynon-destructive monitorof theradiationin front of theun-
dulator[7] whichallowsusto detectpositionof thelight beamandto measurethespectrumof
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theradiation.

In orderto minimizeeffort andrisk, theopticalsystemhasbeensimplifiedasmuchaspos-
sible,particularlyin orderto facilitatethealignmentandstability of thesystemat adistanceof
66.4m betweenmirror andgrating.Eachassemblyis equippedwith anactive laseralignment
systemfor stabilizationof angularpositionof thevacuumchamberssimilar to thatusedatDuke
University[8]. Theactivealignmentsystemprovidesaccuracy of measurementsof angledevia-
tionsof afractionof microradians.Specialeffortsweredirectedto avoid mechanicalresonances
in orderto keeposcillationamplitudesaroundamicroradianlevel (seeFig. 3).

3 Alignment of the RAFEL components

3.1 Suppression of angular oscillations

Oneof theproblemsfor RAFEL designwasthatof tight requirementsfor stabilityof optical
elements.Thedistancefrom thegratingassemblyto theundulatorentranceis of about35 me-
ters.Thespotsizeof theradiationat theundulatorentranceis of about1 mm,andthetransverse
sizeof theelectronbeamis of about0.1-0.2mm.Transversespacejitter of theelectronbunches
andtransversewalk of the opticalpulsepositionat theundulatorentrancewill leadto the re-
ductionof their overlapanddegradationof RAFEL operation.Tolerancefor theoff-axis walk
of theopticalpulseis of about0.2mm,or about5 microradiansfor angularstability of optical
elements.Angular motion of the optical elementsconsistsof two contributions.The first one
arebroad-bandandrelatively fastoscillationsexcitedby industrialnoisein thetunnel.Figure3
shows thetime structureandprobabilitydistribution of fastoscillations.It is seenthatthey are
within tolerablelimit. Long-termobservationshaveshown thatfastoscillationsoccuronthetop
of slow variationof averageangularpositionwith typical timescaleof few hours.Slow angular
deviationsarecausedmainly by temperaturevariationsinsidethe tunnelandgroundmotion,

Fig. 3. Angularoscillationsof thegratingchamber(left) andprobabilitydistribution of theangledevia-
tion (right). Solid line on theright plot presentsRayleighprobabilitydistribution with ����
������ � rad

72
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(c) (d)

Fig. 4. Laserpre-alignmentof RAFEL opticalelements.Plots(a) and(c) referto alignmentof elements
in the gratingassembly, andplots (b) and(d) illustratealignmentprocedureof elementsin the mirror
assembly

andmayreachthevalueof aboutfew tensof microradians.Thisslow walk is suppressedby the
activelaseralignmentsystemmentionedabove.As aresult,RAFEL elementsarekeptstabilized
with anaccuracy betterthan5 microradians.
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Fig. 5. MCP signal in the mirror chamber. First peakis SASEpulse.Secondpeakis the sameSASE
pulseaftercompleteround-tripin theopticalfeedbacksystem.Pulseseparationis 444ns

3.2 Alignment procedure

Specificproblemsof pre-alignmentof opticalelementsof theRAFEL atTTF areconnected
with longbaseof opticalfeedback(66.4m) andaperturelimitationsof vacuumchamber:9 mm
in theundulatorand6 mm in thecollimatorat theundulatorentrance.Undertheseconditions
theopticalelementsmustbepre-alignedwith anaccuracy betterthan80 microradians.Dueto
spacelimitation problemin theTTF tunnel,pre-alignmentprocedurehasbeenperformedwith
laserbeamspropagatingin the vacuumchamber. Two alignmentlasershave beeninstalledat
eachassembly(seeFig.4).Helpful factorfor visualtracingthelaserbeamin thenarrow vacuum
chamberwasthepresenceof opticaltransitionmonitorscreensusedat theTTF for observation
of electronbeam.Thesescreensaremanufacturedof a thin captanfilm coveredby anAl layer,
andaresemi-transparentfor laserlight. Alignmentprocedurehavebeenperformedin two steps.
First, we alignedthemirror in BC2 area(seedrawing (a) in Fig. 4). Thebeampassedthrough
thewholedistancebetweenmirrors,reflectedbackfrom themirror in thegratingassembly, and
is detectedafterthebeamsplitter(seephoto(c) in Fig. 4). This techniqueguaranteesobtaining
of requiredpre-alignmentaccuracy dueto long basepassedby referencebeam(130 m) with
aperturelimitation of 6 mm.At thesecondstageplanemirror in themirror assemblyhavebeen
alignedusingreferencelaserbeamfrom thelaserinstalledin thegratingassembly(seedrawing
(b) in Fig. 4). At this alignmentstagewemadetheuseof autocollimationtechniquewith small
apertureinstalledat the pathof the laserbeam5 m in front of the mirror. Photo(d) in Fig. 4
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shows the final view of back-reflectedlight on the rearsurfaceof the aperturefor alignment
accuracy of theplanemirror of about80 microradians.

Final alignmentof themirrorshasbeenperformedwith SASEFEL radiation(seeFig. 5).
VUV radiation,generatedin theundulatorreachesplanemirror in themirror assembly. A non
destructive radiationmonitor [7] detectsthe radiation(left pulsein theoscillogram).Thenre-
flectedradiationpropagatesto themirror installedin thegratingassembly, reflectedback,and
is detectedagainin themirror assembly(secondpulsein theoscillogram).Measurementof the
efficiency of theopticalfeedbackgivesthevalueof about1%.

4 Presentstatus

At themomentwefinishedtransversealignmentof theopticalelements.RAFEL experiment
is in theprogress.Themainproblemwhich is solvednow is alignmentof thelongitudinalbase
andtuningtheacceleratorto reducetimeandtransversespacejitter of theelectronbunches.
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Abstract

RF linearacceleratorwith a thermionicgunanda subharmonicbuncheris provento be
reliabledriver for FEL oscillatorsoperatingin a wide wavelengthrange,from far infrared
down to 278 nm (FELI, Osaka).However, relatively large valueof the normalizedemit-
tance,���
	���
�����
�� mm-mrad,preventsto reachshorterwavelengthdueto sharpdrop
of thenetgain. In this paperwe describea conceptof anUV FEL oscillatoroperatingat
an ultimately shortwavelength,down to 150 nm. Driving beamis producedby rf linear
acceleratorwith thermionicgunandconventionalsubharmonicbuncher(peakcurrent50-
60 A, rms pulselength2.4 mm, rms energy spread150 keV, rms normalizedemittance
30 � mm-mrad).At the energy of about100 Mev the driving beamis compressedin the
magneticbunchcompressor, thenacceleratedfurtherup to theenergy of about300MeV
anddrivesFEL oscillator. Increaseof thenetgaindueto thehighvalueof thepeakcurrent
compensatesgaindegradationdueto theenergy spreadandemittanceeffects.As a result,
thenetgainbecomesto beabout40-50%at thewavelengthof about150nm.Thisvalueof
thegainis sufficient to achieve saturationwithin relatively shortrf pulseduration,of about
5 microseconds.

1 Introduction

The project DELSY (DubnaELectronSynchrotron)is being underdevelop-
ment at the Joint Institute for NuclearResearch[1–3]. It is basedon an accel-
erator facility donatededto JINR by the Institute of Nuclearand High Energy
Physics(NIKHEF, Amsterdam).Originally thisfacility hasbeendesignedandused
for nuclearphysicsexperiments[4]. TheNIKHEF linearaccelerator, calledMEA
(Medium Energy Accelerator),wasdesignedby the HaimsonResearchCorpora-
tion (USA) in 1969-1974,built in 1975-1978,andcommissionedin 1978.Design
of the MEA acceleratoris similar to that of SLAC linear acceleratorat Stanford,
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USA. Theelectronstoragering AmPS(theAmsterdamPulseStretcher)hasbeen
put in operationin the early 1990s,and served as a pulsestretcherfor nuclear
physicsexperiments.At presentthemostfractionof theNIKHEF facility hasbeen
transferredto Dubna.Thoroughanalysisof possibilitiesof available facility and
of recentprogressin acceleratortechniqueshasshown that it would bepossibleto
build in Dubnaauniversallight sourceconsistingof thefollowing components:

(1) Complex of freeelectronlaserscoveringcontinuouslythewavelengthrange
from far infrared( 150 � m) down to UV ( 150nm)andfar infraredcoherent
radiationsource[5] capableto generatehigh power radiation(up to 100MW
peakandup to 50 W average)in the wavelengthrangefrom 150 � m up to
1 mm;

(2) DELSY storagering;
(3) VUV/soft X-ray free electronlaserwith minimal wavelengthdown to 5 nm

(SASEFEL - SelfAmplified SpontaneousEmissionFreeElectronLaser).

In accordancewith this conceptthe constructionof the DELSY facility will
proceedin threephases.An ultimategoalof thefirst stageis to constructacomplex
of coherentradiatorscoveringcontinuouslythewavelengthrangefrom 1 mmdown
to 150nm.Table1presentsgeneralparametersof coherentradiatorsplannedfor the
Phase1. All theequipmentanduserfacility will beplacedinsideexistentbuilding
with total lengthof about230meters.Thegroundfloor is occupiedby the tunnel
equippedwith radiationshielding.Technicalsystemsanduserlaboratorieswill be
placedat theupperfloor.

Thegeneratorsof coherentradiationwill bedrivenby theelectronbeam(1 nC
bunchcharge,50 A peakcurrent,10 pspulseduration,30� mm-mradnormalized
emittance)producedby the linear acceleratorupgradedwith by subharmonicrf
buncher. Theseparametersof thebeamaresufficient for driving theFEL oscilla-
torsof infraredandopticalwavelengthrange.An importantfeatureof theDELSY
project is that it is aimedto producethe radiationwith muchshorterwavelength
(down to 150nm)with respectto thepresentworld record(270nm)for linac-driven
FELs.This breakthroughis possibledueto applicationof thebunchcompression
technique.

2 Parameter optimization

Optimizationstrategy for FEL oscillatorinvolvesjoint optimizationof thecav-
ity andundulatorparameters,energy of electronsandelectronbeamfocusing.It
is not a big problemto optimizean FEL oscillatoroperatingat fixed wavelength
(see,e.g.,refs.[6,7]). Therulesof optimizationof a low-gainoscillatoraresimple.
TheoptimumRayleighrangeof thecavity shouldbeof abouthalf of theundula-
tor length.The electronbeamshouldbe focusedin the centerof the undulatorin
suchaway, thatthesizeof theelectronbeamandtheopticalbeamspotsizeshould
beroughlyequal.Optimizationfor maximaloutputpower is performedby means
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Table1
FEL parameterlist for DELSY project

Units G1 G2 G3 G4

Electronbeam

Energy MeV 30-60 30-70 50-110 120-280

Bunchcharge nC 1

Peakcurrent A 50-70 150-250

Bunchlength(rms) mm 2.4 0.5-0.8

Normalizedemittance(rms) mm-mrad 30

Energy spread(rms) keV 150 150 150 450-750

Micropulserepetitionrate MHz 19.8/39.7/59.5

Macropulseduration � s 5-10

Repetitionrate Hz 1-100

Undulator

Type Hybrid, planar

Period cm 8 5.5 4 3.2

Numberof periods # 35 40 60 80

Beta-function m 2-3 1.6-2.5 1.6-2.5 1.6-2.5

Cavity

Length cm 756.3

Rayleighlength cm 140-150

Totalcavity loss % 3.5-6.5 3.2-7 3.2-6.5 2.5-3

Radiation

Radiationwavelength ��� 20-150 5-30 1-6 0.15-1.2

Netgain 0.9-1.7 0.5-0.9 0.5-0.9 0.5-0.8

Peakoutputpower MW 1-5 1-5 3-15 10-20

Micropulseenergy � J 50-200 25-100 25-100 50-100

Micropulseduration(FWHM) ps 10-30 10 10 3-5

Spectrumbandwidth(FWHM) % 0.2-0.4 0.6 0.6 0.6

Averageoutputpower (max.) W 0.2-1

of an optimal choiceof ratiosbetweencavity loss,outcouplingefficiency of mir-
rors,andFEL efficiency [8,9]. In orderto avoid gaindegradationdueto theenergy
spreadandemittance,thefollowing conditionsmustbefulfilled: �������� "!$#&%('*)�+ ,
and , � ���- /.0�(12� [8,10–12].The energy spreadfalls linearly whentheenergy is
increased,sothiseffect is moreimportantfor longwavelengthFELs.Situationwith
theemittancecontribution is anoppositeone:FEL wavelengthdropsquadratically
with energy, while the geometricalemittancefalls only linearly. It shouldbe no-
ticedthatdespitetheabovementionedlimitationsarenotverystrict (in somelimits
situationmaybecorrectedby increaseof thegain),they show aclearideathatwith
given parametersof the electronbeamthereis a limit on the minimal achievable
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wavelengthat reasonableparametersof theundulator(i.e.,peakfield andperiod).

Simpleoptimizationstrategy describedabovegivesonly aroughideaaboutthe
region of FEL parameters,sincea lot of additionalrestrictions(mainly of tech-
nical nature)shouldbe taken into account.Final optimizationof the parameters
of FEL oscillators(seeTable1) hasbeenperformedwith numericalsimulations.
Thenetgainhasbeenoptimizedusingthree-dimensional,steady-statecodeFS2R
[13] taking into accountdiffractionof the radiation,energy spread,andemittance
effects.Final optimizationhasbeenperformedwith one-dimensionalversionof
time-dependentFEL simulationcodeFAST [14] adoptedfor calculationof FEL
oscillator. The codetakesinto accountslippageeffects,finite pulsedurationand
start-upfrom shotnoise.Thevalueof effective energy spread,obtainedfrom sim-
ulationswith FS2Rcode,hasbeenusedto take into accountenergy spreadand
emittanceeffectsin thecodeFAST.

An ultimategoal of designedfacility is to cover continuouslythe wavelength
rangefrom far infrareddown to 150nm with minimal numberof FEL oscillators.
We adoptedwell-proven approachwhen the wavelengthof eachFEL oscillator
changesby a factorof 5-7 [15,16].Fastchangeof the operatingwavelengthby a
factorof 2-3 will be providedby the changeof the undulatorgap.Changeof the
electronbeamenergy will extendthe tunability rangeadditionallyby a factorof
two. With givenparametersof theelectronbeamthereis a wide rangeof opportu-
nities for optimizationof infraredfacilities G1 andG2, sincethe requiredenergy
of the electronbeamis still low which allows to maintainhigh net gain.The net
gaindegradationdueto theenergy spreadandemittanceremainsin tolerablelimits
in the whole rangeof operation.Also, theslippageeffect doesnot reducethenet
gainsignificantly. However, operationof near-infraredfacility G3becomescritical
to the valueof the emittancewhenapproachingto 1 � m wavelength.Thorough
analysisshows thatdirectuseof thedriving beamfrom thesubharmonicbuncher
(peakcurrent50-60A, rmspulselength2.4mm, rmsenergy spread150keV, rms
normalizedemittance30 � mm-mrad)would not allow to go significantlybeyond
1 � m wavelengthwithin our constrainof a high netgainof about50 %. A record
valueof the linac-basedFEL oscillatorat thewavelengthof 278nm wasobtained
attheFELI facility (Osaka,Japan)with driving beamparameterscloseto ours[17].
Despitethe latter facility hasbeencompletelyoptimized,thenetgainwasonly of
about5-8%, andsaturationlevel hasbeenreachedin theendof 24 � s longrf pulse
[18]. Main obstacleto reachshortwavelengthis connectedwith theemittancelim-
itation. Reductionof the small-signalgain due to longitudinalvelocity spreadis
givenby [19]:

3�4 57698 3�:
5;6<8>=@?ACBDFE (1)

where ?A BDHGJILK #M�ONP+ BRQ �S#TN BU + = �WVX , B �(Y B[Z #M12�\'�]^+ B is thelongitudinalvelocityspread
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Fig.1.Characteristicsfor visible/ultraviolet facility G4.Upperplot: evolutionof theenergy
in theradiationpulseasfunctionof time.Lowerplot: radiationspectrumaveragedover full
rf pulse

parameter, Y is focusingbetafunction.Factor 3(: is givenby (see,e.g.[6]):

3�: G`_ 6 !�a 5�b E b G �dcfe B:hg UjiTk]^l Bmnm #MoR� BX �0prq^+js�t E (2)
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where b is gain parameter, i k] is undulatorlength, c G %u�\ov�2. , g U G p;�xw , I is
beamcurrent,w is combinedtransverseareaof theopticalmodeanelectronbeam,
l mym GzI|{ U #M}~+�� { t #�}�+

Z
, } GJ� B ��#M1 = � B + , and { U and { t areBesselfunctions.

In our caseminimum achievablewavelengthis definedby the emittancecontri-
bution to the longitudinal velocity spreadparameter. This contribution increases
drasticallywith theenergy increaseneededto achievelasingatshorterwavelength.
On the otherhand,contribution of energy spreadis relatively small andreduces
further at the energy increase.Analysisof this situationleadsto an ideahow to
overcometheproblemof thegainreduction.Namely, at all parametersfixed,there
is theonly way to increasethegainparameterb by meansof thepeakcurrentin-
crease.In our casethis canbedonewith bunchcompressionschemeat theenergy
of about100MeV. Suchanapproachhasbeenprovento beextremelyeffective for
productionof intensive driving beamsfor VUV andX-ray SASEFELs [20–23].
The electronbunchis acceleratedin off-crestphasein orderto inducecorrelated
energy dispersionalongthebunch.Thisenergy dispersionforcesthebeamto com-
pressin thebunch-compressor. At thebunchcompressionexit thepeakcurrentis
increased,but at thesametheenergy spreadincreasesproportionally. However, our
calculationsshow that increaseof the gain dueto the growth of the peakcurrent
is higherthanits degradationdueto energy spreadincrease.Also, the increaseof
thegaincompensatesthegaindegradationdueto emittance.Thisallowsusto have
desirablevalueof thenetgainof about50 % in a wide wavelengthrangedown to
150nm andreachFEL saturationwithin 5 � s rf pulseduration(seeFig. 1).

In conclusionto this sectionwe noteagainthatfeaturesof our FEL designare
strongly influencedby short rf pulseduration.Naturalconsequenceof a short rf
pulseis a needfor a high valueof thenetgain.A harmfulconsequenceof a high
netgainis possiblegrowth of thesidebandsin thenonlinearregimeleadingto the
wideningof thespectrum[24,25].Oursimulationsshowsthatthiseffecttakesplace
in our shortwavelengthFELs. In practice,it canbesuppressedby anappropriate
choiceof cavity detuning[26,27].Anothertrick wouldbeadjustingthegainin such
a way thatsaturationlevel is reachedin theendof rf pulse.Theprice for narrorw
spectrumis reductionof radiationpulseenergy andaveragepower. A technique
of intracavity dispersive elementsfor sidebandsuppressioncanbealsoused[28].
At this conceptualdesignstagewe canstateonly thatpracticalstepsfor sideband
suppressionwill strongly dependon userdemands.In the future upgradeof the
facility the rf pulsedurationwill be increasedup to 10 � s which would allow to
operateat a lowernetgain,thusrelaxingsidebandproblem.
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MagneticCharacterizationof theHybrid UndulatorU27 for theELBE-Project
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At theDresdenRadiationSourceELBE anintense
IR beamin the 3–30� m rangewill be producedin
the undulatorU27. It consistsof two 34-polesec-
tions, allowing to insert a magneticchicanein be-
tween[1]. The undulatorstructurehasa period of���

=27.3mm andconsistsof NdFeBpermanentmag-
netsandpolesof decarborizediron, mountedon two
carriages[delivered by DANFYSIK] such that the
distancebetweenthe two sectionsis adjustablefor
phase-matching.The gapsof both sectionscan be
varied independentlyto eventually producetwo IR-
coloursat the sameelectronenergy. For high-gain
lasingonecanintroducea taperingof thefield.

Both sectionswere scannedandadjustedusing a
calibratedHall probesetup[2]. After installationat
thebeamline thefield distributionwascheckedusing
thepulsedwire method.
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Fig. 1: Measured
vertical field com-
ponent �
	 on the
axis of the two
undulator sections
(a), and the �
��� (b)
and ����� (c) field
integrals for a gap
width ������� mm
calculated for a
reference electron
at ��� MeV.

Themeasuredfield andtheresultingfield integralsare
displayedin fig.1. Auxiliary coilswereinsertedto get
a minimumelectrondisplacementat theexit sidesof�
alsoat TU Dresden

bothsections.Only weakmagneticfields �����  asgen-
eratedby thesecoils arenecessaryto keepthe elec-
tronswithin theopticalbeam.This canbeseenfrom
fig. 2, wherethe effect of the correctioncoils on the
2�
� field integrals is illustratedby resultsof pulsed
wire measurements.
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Fig. 2: 2��� field
integrals as
measured by
the pulsed-wire
method. The ef-
fect of correction
coils with ���!�
windings and the
corresponding
current valuesare
indicated.

The horizontalfield distributions (as measuredat
differentgaps,cf fig. 3) areconstantover thex-range
coveredby the beam. As the field inhomogeneities
remainingafter tuning the polesinfluencethe lasing
process,we determinedthemfor variousgapwidths.
For �"�#�
$ mm the minima andmaxima �
% of the
field relative to their averagevaluesare shown in
fig. 4. The standarddeviation &(' contributesto the
inhomogeneousline broadeningof the emittedlight
accordingto

) ' �� � �+*  ,.- ��0/1*  ,�- � & '� �3254 (1)
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Fig. 3: Themagnetic
field � 	_^.`ba � aWced�f in
the horizontal plane
perpendicular to
the electron beam
at different gaps� where c�d is thec -coordinate of the
5�.g pole.

Fig. 4: Maxima and
minima of the mag-
neticfieldfield � 	_^.c0f
in the middle plane
of theundulator. For
bothsectionsalsothe
average values,their
standard deviations&h' and (in brackets)
the relative field
roughnessaregiven.

If the FEL works with sufficient laserpower the
Lorentzfactor i of the electronsdecreasesby

) ikjibl��nm � (for thefirst harmonic)alongtheelectronpath
due to the interactionof the electronbeamwith the
electromagneticfield. The electronenergy changes
continuouslyleadingto a resonancewavelength

� ^.c0f
whichdependson thecoordinatec .

Within acertaininterval of
�

thiseffectcanbecor-
rectedby field tapering. To compensatethe energy
loss

) i by a reduction
) � of the magneticfield one

hasto ensure) �� � �0/1*  ,�- �*  ,.- �
) ii 4 (2)

Figure5 showstheeffectof field taperingin bothsec-
tions of the undulatorU27, which would be applied
in asituationtypical for high intensitylasing.
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Fig. 5a: Mea-
sured field dis-
tribution � 	_^.c0f
on the undulator
axis for a gap
width �o�p��� mm
and a tapering
of � 4 q mm in
both undulator
sections.

b: Secondfield integral rs ^.c0f . The correspond-
ing ` coordinateof theelectron canbeobtainedby`t^ �[u f j q �!�nrs ^�vxw uyu  f l�z ^@{}|�~�f

Theopticalphasealongtheundulatoraxis c canbe
expressedby

� ^.c0f � ���� �� c��i  /����� c����  ^@c!��f�
��
4 (3)

Here
� a i a�� aretheradiationwavelength,theLorentz

factorandtheelectrondeflectionangle.
Using eq.(3) the phasecanbe determinedexperi-

mentallyby measuring� 	_^.c0f alongtheaxisandcal-
culating the deflectionangle � . Phasematchingis
achievedwhenthephase(3) is thesamein bothsec-
tions. This hasto be doneby properlychoosingthe
drift space� betweenthetwo sections.Phasematch-
ing is obtainedperiodicallyafteran increaseof � by� �o� ^ �h/�*  ,�- � f � � . A measuredphaseis shown in
fig. 6.
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The TTF-FEL Status and its Future as a Soft X-ray User
Facility

M. Körfer, DESY, Germany, for the TTF FEL Group 1)

Deutsches Elektronen Synchrotron, Notkestr. 85, 22607 Hamburg

____________________________________________________________________________

Abstract

This paper presents the progress of the SASE and RAFEL experiments at the TESLA Test
Facility (TTF). In the second part the layout of the soft X-ray user facility TTF2 and the status
of construction work is described.
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Introduction

High-gain single pass SASE FEL’s require high peak current (kA-level), ultra short (100 µm-level) and low
emittance (few mm mrad normalised) electron bunches. On the road towards a Self Amplified Spontaneous
Emission (SASE) FEL user facility intermediate stages have to be taken for reaching the final target beam
parameters. In the beginning of SASE FEL activities at DESY the Tesla Test Facility TTF1 was devoted to
reach SASE in a proof of principle experiment and check the SASE FEL theory around 100 nm laser
wavelength. The experimental results agree completely with theoretical predictions [1]. Based on the results and
experience TTF will be upgraded to a SASE FEL user facility in two stages. First, the SASE FEL will be driven
in a single pass modus starting from shot noise and lasing below 25 nm. In a second stage the accelerator runs
with a seeding option to increase the signal to noise ratio of SASE FEL radiation by orders of magnitudes. In
this scheme the short electron beam with high peak current and demodulated energy spread overlaps with its
own irradiated light pulse.

1 TTF FEL Status
The Tesla Test Facility (TTF) is a linear accelerator mainly devoted to the test and development of components
for future X-ray FELs and Linear Colliders. TTF is presently equipped with a photo-injector gun, two regular
superconducting TESLA accelerator modules, a bunch compressor and a 15m long permanent magnet
undulator. A wide range of studies is being performed at TTF related to FEL and beam physics.

1.1 SASE FEL performance
Since first lasing of SASE FEL at DESY (February 2000) [1] there were two dedicated SASE runs in the year
2000 (of about four months in total). The present SASE run started in June 2001 and will continue until early
2002. The radiation wavelength is continuously tunable in a wide range from 80 to 180 nm [2]. Permanent
efforts are directed towards the improvement of facility performance. The linac operation in FEL mode has been
sustained over a period of several months, demonstrating the stability and reproducibility of the linac
components. The superconducting cavities, the RF control and the cryogenic system showed an good
performance at moderate gradients of about 15 MV/m. Moreover, the linac operation for the lasing of the FEL
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was recovered within only a few days of linac start up after the shutdown of April-May 2001. After the restart of
SASE FEL operation in June 2001 the SASE FEL gain is routinely tuned to the value of about 106 (which
corresponds to peak brilliance of radiation of about 1027 [Phot./(sec · mrad · mm2 · 0.1% bandw.)] ) in a long-
pulse mode of operation at 2.25 MHz repetition rate (see Fig.1). This is a significant progress compared to the
FEL gain of about 3x103 obtained last year [1]. Special efforts were devoted to the development of photon
diagnostics which allows to measure radiation energy and spectrum of individual bunches in a train (see Fig.1).
The radiation energy is measured by three different techniques (PtSi photodiodes, thermopile sensor and MCP
detector) which guarantees the reliability of measurements [3,4]. Single-shot spectrums are detected by an
intensified CCD camera installed after the monochromator [5]. At the moment pilot user experiments are being
performed at the TTF FEL taking advantage of the high peak brilliance of the radiation.

1.2 Preparation of RAFEL experiment
Despite of the SASE FEL’s capability to provide much higher peak brilliance than synchrotron radiation
sources, it still possesses a high potential for further increases by means of improving the longitudinal
coherence. This is possible only when coherent radiation from an external source is fed to the undulator
entrance. One of the solutions of the seeding problem exploits the approach of a regenerative FEL amplifier [6]
with a narrow band optical feedback (RAFEL) [7]. We believe that RAFEL might be an ideal source of
powerful, tunable, fully coherent UV/VUV radiation with laser-like characteristics. The installation of the
optical feedback at TTF FEL was greatly facilitated by the fact that there is free space available for the optical
components at exactly half the distance (66.5 m) between two electron bunches when the accelerator is operated
in a 2.25 MHz multibunch mode. The RAFEL operates as follows. The first bunch in a train of up to 1800
bunches amplifies shot noise and produces intense, but wide-band radiation. A fraction of the radiation is back-
reflected by a mirror. The spherical grating in Littrow mounting is installed in a straight section in the electron
bunch compression area between the first and the second accelerator module. It disperses the light and focuses a
narrow band of radiation back on the entrance of the undulator to seed the next electron pulse. After several
round-trips the output radiation spectrum approaches Fourier-transform-limited width and the output power
reaches saturation level.
At present all RAFEL equipment is installed at the TTF accelerator. It consists of three elements: mirror
assembly (installed 14~meters downstream the undulator), grating assembly (installed in the bunch compressor
area, 35~meters upstream the undulator), and radiation detector unit (installed 6~meters upstream the
undulator). The optical elements (mirrors and grating) are made of SiC having good reflectivity in the VUV
band around 100 nm. At the moment the transverse alignment of the optical elements is finished and non-
destructive photon beam diagnostics is successfully tested [4,7]. The main problem which is being solved now is
the alignment of the longitudinal base and tuning the accelerator to reduce time and transverse position jitter of
the electron bunches in order to provide successful multi-bunch amplification of the radiation [8].

1.3 Wakefield and energy profile
Wakefields of charged particles in accelerators interact with their direct surroundings. Depending on the bunch
length and beam pipe the interaction may increase the energy spread of the beam. Simulations gave hints that
also surface roughness plays a significant role on SASE FEL performance [9,10]. Several models were
developed with rather different predictions. Therefore, an experiment was designed to check the model
calculations. In a section of 80 cm length a series of beam pipes with various surface treatments has been
installed. Figure 2 shows the effect on the energy distribution of the bunch. The roughened beam pipe generates
a substructure in the energy profile of the bunch which can be explained by the dielectric layer model.
Independently the emission of THz-radiation has been observed. The measured frequencies around 500 GHz fit
well with the expectations from the model. The detailed analysis is going on.

2. TTF2 User Facility
To provide a SASE FEL for applied research TTF will be upgraded to a soft X-ray user facility operating at
electron beam energies up to 1 GeV. A further bunch compression stage and a seeding monochromator will be
installed. This section presents the final design and the status of construction work.

2.1 Accelerator design
The sketch for the accelerator part of the SASE FEL user facility at 6 nm wavelength is shown in Figure 3 . The
bunches are generated by an injector that incorporates a photon-emission rf-gun, a TESLA module (#1) and an
rf-linearizer (3rd harmonic). At the injector exit the 2 mm (rms) long electron bunches are compressed by using a
magnetic compressor (BC2) to yield 0.5 kA peak current at 130 MeV. The required peak current of 2.5 kA is
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achieved by a second compressor (BC3) located at 450 MeV. After the exit of the accelerator module 6 the final
energy is up to 1.0 GeV. The 20 m long collimator protects the permanent magnet undulator against the
unacceptable dose deposition coming from beam halo, dark current or faulty operation of the accelerator. A fast
orbit feedback system is installed in the collimator part. The seeding option downstream consists of three
undulators followed by separated photon and electron beamlines. The monochromised photon beam and the
incoherent electron beam will be synchronised at the entrance of the FEL amplifier. The FEL amplifier consists
of six undulators. Additional undulator insertions can be installed in the drift space behind the FEL amplifier. At
the end of the electron beam trajectory the SASE FEL radiation will be guided into the experimental hall
downstream. The electron beam is dumped in an absorber system. The complete beamline covers 257m length.
On the way to the final SASE FEL setup described above, an intermediate stage is foreseen. The 3rd harmonic
cavity of the photo-injector might not be available during the first phase of accelerator commissioning.
Nevertheless, the injector beam parameters allow first lasing at about 25 nm with gain saturation. The seeding
system and the space for extra undulators will be substituted with beamlines. The temporary beamline in the
seeding section offers a possibility for beam diagnostic. For instance, by using OTR screens for measuring the
beam dimensions inside a FODO lattice the beam emittance can be determined.

2.1.1 Injector and Bunch Compressors
State of the art photo-injectors cannot simultaneously produce short bunches with sub-mm-mrad normalized
transverse emittance. To reach the required target parameters for emittance and bunch length at the undulator
entrance the upgrade of the TTF1 injector is planned [11]. The new injector will incorporate an axis-symmetric
rf-gun that generates 2 mm (rms) bunches. The electron bunches are directly (after ≈ 1.3m) injected in a TESLA
module and accelerated up to 140 MeV. Because of the long incoming bunch length, the longitudinal phase
space accumulates a curvature due to the cosine-like rf-wave and yields an increase of longitudinal emittance.
This correlated distortion will be corrected with a 3rd harmonic section (composed of four TESLA cavities
scaled to 3.9 GHz). Downstream of the injector, the longitudinal rms emittance is 50 mm-keV at an energy of ∼
130 MeV. The scheme allows to compensate non-linearities that might occur further down in the beam transport
line (e.g. wake fields). The magnetic compressor BC2 consists of a four bend achromatic chicane. The section
behind BC2 is equipped with a FODO channel to verify online the transverse emittance of the beam. The
magnetic compressor section BC3 is embedded between accelerator modules three and four. Within the bunch
compressor, where the bunch length is very short, coherent synchrotron radiation becomes significant and may
induce unacceptable emittance growth. Several compression schemes are investigated to keep the emittance
small while the beam is compressed. An asymmetric S-Type layout is proposed by CEA Saclay [12]. Within the
energy range of 300–500 MeV a bunch length reduction down to 50µm (rms) corresponding to 2.5 kA peak
current at the nominal matrix element of R56=0.05 m is achieved. Emittance growth coming from the magnetic
multipole fields inside the chicane is negligible if the dipole field quality is ∆B/B=3·10-4.

2.1.2 Undulator Protection
The FEL permanent magnet undulator at TTF consists of radiation sensitive material (NdFeB). Since the
requirements on the magnetic field integrals are tight, the tolerable accumulated dose for the SASE FEL
operation will be 105 Gy.
The collimator has to collimate 5 dimensions of the electron beam phase space. The design has to consider the
beam dynamics, the interaction of particles with collimator materials, as well as the survival of the material in
case of an emergency and thermal heating during normal operation. Figure 4 shows the maximum collimator
aperture that still protects the undulator as a function of energy deviation [13]. A minimum value of an aperture
radius of about 2 mm allows to protect in the considered range of the energy deviation from –50 % up to +25 %
and to stop all particles with � ∆E/E0� > 3% before the undulator entrance. For comparison, the aperture radius
of 4.75 mm is related to the mechanical bore in the undulator chamber. Particles within ± 3% energy deviation
and with small amplitude betatron oscillations go safely through the undulator. Secondary particles are created
by beam particles hitting collimator. The collimator efficiency can be estimated at 1×10-6 considering both the
particles which are back-scattered into the beam line and the secondary particles.
Nevertheless, to obtain information on protection efficiency and radiation damage of the permanent magnet
material the deposited dose will be recorded. Unfortunately, the gap between the magnet joke and vacuum
chamber is a narrow slit, inaccessible for conventional online dosimeter systems. The TESLA collaboration
started the development of optical fibre dosimeter systems for different applications along the accelerator
[14,15]. A fibre optical powermeter was successfully tested, which allows to obtain the accumulated dose during
operation.
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2.1.3 FEL Section and Bypass
This part of the linear accelerator consists of the seeding section and the FEL amplifier. The undulator for TTF2
is similar to the existing TTF1 concept and totally nine units will be installed. In contrast to the TTF1 design,
the beam focussing magnets are separated from the undulators. Electromagnetic quadrupoles located in between
the undulators have several advantages for the TTF operation. A variable focussing system allows well matched
twiss parameters independent of the beam energy. The elimination of integrated permanent quadrupoles reduces
the number of orbit distortions along the undulator axis and thus the number of correctors. Consequently, the
beam based alignment is easier to handle. The disadvantage is an increased length of the beamline section the
undulators.
The bypass is a simple beam transport line in parallel to the SASE FEL and is needed for commissioning,
temporary tests and optimisation of different accelerator sections.

3. Construction work

The experimental hall for the user facility as well as the tunnel for the linear accelerator were accomplished in
spring 2000. The layout of the machine with respect to the position of magnets, collimators, fast feedback,
diagnostic tools, power supplies, signal processing units and the cryogenic system is fixed. The construction of
components starts in autumn 2001. The beginning of beamline installation in the tunnel will be in spring 2002.
In spring 2003 the accelerator commissioning starts and the first user operation is planned in early 2004.
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Figure1: Single-bunch radiation spectrum (left plot), and average radiation energy along a train from SASE
FEL operating at 2.25 MHz repetition rate (right plot). Output radiation has full transverse coherence. Shot-to-
shot statistical fluctuations of the radiation energy from single bunch are about 25% which corresponds to the
number of longitudinal modes (spikes) of about 16.

Figure2: Influence of surface roughness on the beam energy profile. Top: Accumulated wakefields from the
upstream beamline generate a substructure in the energy profile of the bunch. Bellow: The beam fragmentation
in energy is excited by a rough pipe.

Figure3: Principle scheme of the TTF2 layout.

Figure4: Determination of the collimator aperture with respect to the beam energy acceptance.
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A setupfor measuringthe longitudinalphasespaceof the photoinjector testfacility at DESY Zeuthenis described.This setupincludes
a YAG-screenanda Cherenkov detectorwhich areusedto convert theelectronbeaminto a photonbeamwith thewavelengthin the visible
range.Themomentumspreadof theelectronbunchcanbemeasuredwith theYAG-screen.TheCherenkov radiationmechanismwill beused
to measurethebunchlengthwith goodtimeresolution.As radiatorssilica aerogelswith very low refractive indicesaswell asaspecialshaped
fusedsilica platewill beused.A streakcamerasystemwill measurethe time dependentbehavior of thephotonbunch. The combinationof
bunchlengthmeasurementandmomentumspreadmeasurementgivesthe informationaboutthewhole longitudinalphasespace.Thedesign
considerationsof theradiatorsandtheirpropertiesarediscussed.

1. Introduction

A photoinjectortestfacility atDESYZeuthen(PITZ) for
thedevelopmentandoperationof optimizedphotoinjector
for future free electronlasersand linear colliders will be
commissionedin autumn2001. The componentsof PITZ
aredescribedin [1–3].

Theability of beamdiagnosticsto investigatetheproper-
tiesof theelectronbunchis thebasicfor a successfulopti-
mizationandimprovementof theperformanceof PITZ. In
this contribution we focuson thedesignfor measuringthe
longitudinalemittance.Thediagnosticsof the longitudinal
phasespaceis expectedto bedonein a following way:

At first themomentumspreadis measuredusingadipole
magnetand a YAG-screen. For this, the propertiesof a
screenlaminatedwith YAG-powderwerestudiedandcom-
paredwith anOTR-screen.Furthermoretheerror for mea-
suringthemomentumspreadandtheresolutionof themo-
mentummeasurementareestimated.

Thesecondstepis to determinethe bunchlength. This
will be doneby usinga radiationprocess,wherethe elec-
trons producelight with the sametime propertiesas the
bunch has. Then a streakcamerais usedto observe the
longitudinal pulseshape. A high numberof photonsand
very good intrinsic time resolutionbecomethe main re-
quirementsto the radiatorespeciallyat low electronener-
gies. Cherenkov radiationin aerogelandin specialshaped
quartzplatesarediscussedaspossibleoptionsfor photon
productionmechanism.Thepropertiesof aerogelmaterial
in vacuumwill beshown.

Ideasto measurethebunchlengthandenergy spreadsi-
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Figure1. Beamprofileof a16MeV 5.1nCelectronbunch

multaneouslywill bedescribedaswell.

2. Momentum spread measurement

The momentumof the electronswill be measuredvia
deflectionof about ����� causedby a magneticfield. The
momentumis a linear functionof thecurrentin thedipole,
while the momentumspreadis a function of the spotsize
at the screen.The estimatedenergy spreadis expectedto
be 	�
 . Thereforea screenwith goodresolutionshouldbe
used.

Theenergy of theelectronsat first will beup to 5 MeV.
At theseenergies a small numberof transition radiation
photonswith largeangleswhouldbeproducedif anOTR-
radiatorwhouldbeused.Thenumberof scintillationpho-
tons in YAG-screensis much higher. On the other hand,
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Figure2. Averagegasloadaftera certainaerogeltemper-
atureis reached

YAG-screensat high electrondensitieswill reachsatura-
tion. Theimageof 16MeV electronbuncheswasmeasured
at the TeslaTestFacility with increasingcharge densities
by OTR- andYAG-screens(figure1). The intensityof the
outgoing light from the YAG-materialincreasesup to an
electrondensityof aboutÃZÄÁÅÇÆÉÈËÊÍÌ , themaximumdensity
achivedatthismeasurement.Therewasnotseenaclearev-
idenceof saturation.Theintensitymeasuredwith theYAG-
screenis lower at themaximumandshows a slightly wider
distribution comparedto the OTR-screen. The expected
maximumelectrondensityat the screenin the dispersive
arm of PITZ is of the order of ÎiÄÁÅÇÆÉÈËÊ Ì . Thereforeno
saturationis expected.

Themomentumspreadwill beextractedfrom theprojec-
tion of the distribution at the screenin the dispersive arm.
For a correctcalculationthebunchsize,thedivergenceand
their correlationsat the entranceof the dipole shouldbe
known. They arenot measured.If they arenot taken into
accountthedifferencewill beof theorderof Ï�
 of thees-
timatedmomentumspread.

Themeasuredmomentumwill besmearedoutdueto the
finite transverseemittanceof the electronbeamat the en-
tranceof the dipole. Consideringthe expectedemittances
the momentumresolutionwill be betterthan �ÑÐ Ò�
 of the
measuredelectronenergy.

3. Bunch length measurement

Theelectronbunchlengthhasto beconvertedinto apho-
ton bunchof correspondinglength. It will bemeasuredus-
ing a streakcamerasystem.Thereforeit needsa radiation
processwith enoughphotonsbeingproduced.Goodtime
resolutionis necessary. We will useCherenkov radiatorsin
order to obtainadequatephotonyields. Aerogelandspe-
cial machinedquartzplatesarepossibleoptionsto produce
aphotonbeamwith theneededproperties[4].

The vacuum propertiesof aerogel have been tested

amongotherthingsby measuringthegasloadcomingfrom
aerogel. A calculationof the pressuredistribution of the
whole injector estimatesits influenceon the pressurein
the cavity section. The calculation shows that the gas
load coming from the aerogelshould be in the rangeofÎÓ�ÕÔ×ÖÉÊÙØÛÚÑÜÞÝ�Æ�ß or better to avoid damageof the Åàß Ìâáäã
photocathode.Testswith aerogelat differenttemperature
shows thata temperatureup to 	���� � Å canbeallowed(fig-
ure 2). This can be ensuredby adjustingthe pulsetrain
length.

4. Measurement of longitudinal phase space

To measurethelongitudinalphasespacethestreakcam-
erawill detectphotonbeamsfrom a Cherenkov radiatorin
thedispersive armsothatbothdistribution of electronmo-
mentumandlongitudinalprofile canbemeasuredsimulta-
neously. To obtaingoodtime resolutionfor aerogela slit
maskbeforetheradiatorwill beinsertedto getsmalltrans-
versebunch sizes. Thereforethe whole energy spreadis
measuredby moving the slit maskin the transversedirec-
tion.
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Abstract
A large X-ray FEL lab is under consideration within the TESLA project and is supposed to be operated in

parallel with the TESLA linear collider. There will be five SASE FELs and five conventional spontaneous

undulators.

A conceptual design study has been made for the undulator systems for these X-FEL’s. It includes segmentation

into 6.1m long undulator ‘cells’. Each consists of a 5m long undulator ‘segment’, a separate quadrupole, one

horizontal and one vertical corrector, and a phase shifter. These items are presented and discussed.

-------------------------------------------------------------------------------------------------------------------------------------

PACS Code: 41.60.Cr, 75.50 Ww

Introduction
Together with the TESLA linear collider a large X-FEL lab is planned which makes use of a part of

the TESLA main linac. The whole project is described in detail in ref. /1/. The basic layout of the FEL

lab is shown in Fig.1. This contribution only deals with the undulators, which for SASE FELs in the

X-ray regime need total lengths exceeding 300m. Long undulators like these cannot be built in one

piece: They have to be subdivided into ‘undulator segments’ of suitable length. Additional

components for electron beam focusing, steering and detection and phase correction are needed as

well. They are placed in between the segments. Together they form an ‘undulator cell’. An ‘undulator

system’ for the TESLA X-FEL is an array of up to 53 of such cells.

Together with Fig.1, Table 1 gives an overview over their parameters. Permanent magnet (PM)

technology will be used exclusively. Five SASE FELs are planned in total. Four of them, SASE1

through SASE4 are primary FELs using the fresh TESLA electron beam. They produce linearly

polarized light and operate primarily around the 0.1nm wavelength regime. There will be a secondary

FEL, SASE5, which will be a helical one. It will reuse the beam with an somewhat increased energy

spread after the passage through SASE3 and will operate in the soft X-ray regime at wavelengths up

to 2.5nm. In addition, there will be five spontaneous radiators, U1 through U5, which will use the

spent electron beam of the remaining three SASE FELs. As can be seen in table 1, there will be only

four different types of devices, which reduces the magnetic design effort.
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The most expensive part of an undulator is the magnetic structure. Fortunately there has been a

tremendous development of PM based insertion device technology over the past 20 years when these

devices came into use as intense sources of SR. An enormous progress has been made in their design,

construction and optimization. There are now well established state of the art techniques to produce

high quality insertion devices. With only a few exceptions, nowadays PM technology is used

throughout. The undulator systems for the X-ray FEL will benefit from these developments a lot.

Thus, the technology is available. The real innovative challenge is, however, the construction of the

immense number of undulator segments in sufficient quality, in reasonable time and at reasonable

cost.

Hardware Setup

Overview

Three cells of an undulator system are shown in Fig. 2. In between two neighboring undulator

segments additional components are arranged: A phase shifter to adjust the proper interference

condition between radiation emitted by adjacent segments, a quadrupole for electron beam focusing,

horizontal and vertical correctors, and a beam position monitor. In total an intersection is 1.1m long.

The quadrupoles are parts of the FODO lattice, i.e. a sequence of focusing and defocusing

quadrupoles, which limit the beam size over whole length of the undulator. The distance between two

of them is 6.1m. This allows for 5m long undulator segments. The β-function in the undulator sections

is large enough so that the modulation caused by the FODO lattice is moderate /2/.

Wavelength tunability, i.e. gap tuning is required for three of the SASE undulators and the

spontaneous radiators as well. This has two consequences: First, in the case of SASE undulators the

saturation length is increased because the shortest wavelength at which the FEL is to operate is at the

upper gap of the tunability range and thus determines the system length. Second, the phase matching

of the photon beam between different segments becomes gap dependent. If the undulator gap and

therefore the radiation wavelength is changed the interference condition is changed too. With the help

of a suitably designed and excited small magnetic chicane called phase shifter the electron beam can

be delayed in such a way that proper phasing is preserved.

Mechanical design

A standard gap separation drive and support system has been developed in a conceptual design study

/3/. It considers the principles of economic manufacturing of large quantities, while tough

requirements on mechanical accuracy have to be maintained. The 3D view in Fig. 3 shows how these

ideas could be realized. In order to have a relative stability of the 1st harmonic better than the Pierce

parameter ρ, girder deformation under changing load conditions (gap change) has to be limited to at
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most ±4µm. Consequently a voluminous I-beam profiles with dimensions 550 * 200 * 100 mm3 are

used. Using a four point support further limits girder deflection. The same profile is also used for the

support columns and the floor stands. This is much simpler to build than a welded structure and has

the same or even improved mechanical stability. In total 4700m with a weight of about 1900 tons are

needed for the 281 support systems for the TESLA FELs. Only little machining is required on the

columns. Standard guiding elements may be used. There are four individual gap drive motors which

are electronically synchronized by a control unit. Motors and their motion control units are part of the

control system /4/. In order to get absolute gap information with micrometer accuracy a separate

frame is used to support absolute length encoders. In this way the exact girder position close to the

corresponding drive motor can be measured without errors induced by deformation of the girder

support or by the support structure. The gap adjustment accuracy is better than ±1-2µm. More details

are found in ref. /4/.

Linear Magnetic structures

The FELs in the X-ray range will be equipped with planar devices based on NdFeB PM hybrid

technology. Circularly polarized light can be produced using quarter wave plate X-ray optics, which

now become quite common in the hard X-ray regime /5/. Thus, helical undulators are not required in

this photon energy range. There will be three different planar types, with period lengths of 30, 45 and

60mm. A magnetic prototype has been designed for the SASE1 undulator /6/. At a gap of 12mm and a

period length of 60mm the peak field is 1.33 T. At 25GeV and a gap of 22mm, this device would

radiate at 0.1nm and at 12mm gap at 0.35nm. The width of poles and magnets was determined such

that a transversal good-field-region of ±1 mm results in which the relative field variation is less than

ρ, i.e. 4.2⋅10-4 in the open gap position. In this way requirements on horizontal alignment of the

undulator segments are reduced without affecting the FEL process. The maximum peak field is

obtained for a pole dimension of 40×8×55 mm3 (width × length × height) and 70×22×65 mm3 for the

magnet dimension. The field of an undulator segment has even symmetry so that the 2nd field integral

can be brought to zero with a simple half pole. The gap dependence of the 1st field integral has bee

reduced to below 0.05 Tmm by optimizing the length and vertical position of the last magnet, the

height of the last pole as well as the width of the 2nd last pole. The remaining dependence can be

reduced further using appropriate shims or with the help of active correctors, which are available in

the intersections anyhow.

Planar helical magnetic structure
For SASE 5 a helical structure is planned. In the soft X-ray range, above 0.4nm, no optical alternative

to the generation of circularly polarized light exists. An APPLE II type undulator is proposed /7/,

which is a planar structure thus allowing good lateral access for measurements and the insertion of
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vacuum chambers. Among all planar proposals for producing helical fields it offers the highest field

and the largest variation of polarization properties. A prototype design for the SASE5 undulator

system at TESLA including polarization characteristics was worked out based on extensive

experience at BESSY /8,9/. Although the saturation length of a helical undulator in general is shorter

than that of a planar device, helical undulators require considerably more mechanical effort than a

planar ones.

Undulator Intersections

Fig 4 shows a 3D view of an undulator intersection embedded between two neighboring undulator

segments. The phase shifter is seen to the left. A preliminary design is presented in ref /10/. It consists

of three horizontal magnets. The length of the center one is doubled because it needs twice the

strength. Horizontal correction may be integrated in one of these magnets. The vertical corrector,

which is identical to the short phase shifter magnets but rotated by 90° is seen to the right. In between

there is a quadrupole with a 15mm bore with a maximum gradient of 100T/m. Its magnetic length is

0.2m only, its total length is about 0.26m. With these quadrupoles a minimum β function of less than

15m at 25GeV can be obtained.

Although SASE2 and SASE3 are operated at a fixed gap, they should be gap adjustable too. There are

good reasons to do so:

1. The radiation wavelengths of different segments have to be tuned with an accuracy better than ρ,

which is in the order of 3.6⋅10-4 (see table 1). As a consequence in different segments gap control

with an accuracy of ∆g <≈ ±2µm or better is needed. This accuracy cannot be perpetuated in a

truly fixed gap device. Although the field might be precisely adjusted in the lab it is hard to

preserve on this level of accuracy. So, some fine adjustment has to be provided anyhow.

2. In order to compensate for the average energy loss of the electron beam along the undulator

system, a taper has to be applied. It increases efficiency and maximizes the output intensity. Such

a taper will be effectively a step taper, the gap will be changed in very fine steps from one

undulator segment to the next: It is very advisable to have this taper adjustable in order to easily

optimize output intensity.

3. A segment can effectively be switched off by fully opening its gap. In this way the effective

length of the undulator system can be varied. For diagnostic reasons this option might become

very important. In ref /11-13/ a ‘photon beam based’ alignment procedure is described. The

electron beam orbit, the proper radiation wavelength of each segment and the phasing can be

accurately controled in this way. Thus this diagnostic tools will play an important role in

optimizing emission properties.

4. Experience at the TESLA Test Facility (TTF) has shown that high radiation levels inside the

undulator region may be created if the beam is missteered, but very moderate doses can be
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obtained during routine operation with a well adjusted beam. So most of the radiation exposure

originates during setup and/or commissioning of the machine. By opening the gap this hazard to

the magnet structures can be minimized.

In the fixed gap devices two of the three phase shifter magnets can be omitted. Only one magnet is

needed for horizontal correction.

Summary and Outlook
The undulator systems for the TESLA X-FELs have been outlined. PM based magnet technology

using NdFeB material will be used. Full use can be made from the achievements on PM based magnet

technology for insertion devices for the 3rd generation SR sources. A new dimension is however the

large number of segments, which requires new and efficient ways of production. The potential layout

of a production plant for TESLA has recently been worked out in a study /14/. It also includes the

project management structure, which is needed, to organize and synchronize the manufacturing and

assembly of sub tasks, such as girders, support mechanics, motion control components etc. These

issues will become very important for the production of the undulator systems of the TESLA X-

FELs.
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Figure Captions
1 Schematic layout of the X-FEL laboratory at TESLA.

2 Three 5m long undulator segments with intersections give an impression how a full system
with up to 54 segments will look like

3 Standard undulator segment for the TESLA undulator systems

4 Components in the intersection between undulator segments
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Device Type E
[GeV]

Wavelength
Range [nm]

λλλλ0

[mm]
ρρρρ*
[104-]

KMax BMax

[T]
GapMin

[mm]
ββββ [m] Lsat +

[m]
LTot ++

[m]
# of Seg-
ments**

SASE1 planar 25 0.1-0.35 60 4.2 7.5 1.33 12 45 220 323.3 53

SASE2 planar 25 0.085 45 3.6 4.0 0.95 12 45 210 311.1 51

SASE3 planar 23 0.10 45 3.8 4.0 0.95 12 45 185 274.5 45

SASE4 planar 25 0.3-1.0 60 4.2 7.5 1.33 12 45 220 323.3 53

SASE5 helical 23 0.4-2.5 107 14.5 9.6 0.96 12 15 120 176.9 29

U1-U5
+++

planar 30 0.0083-0.025
0.0028-0.0083

30 ---- 3.1 1.10 6 45 50.0
250 total

61.0
305 total

10
50 total

Sum 1405 1714.1 281
+ The saturation length Lsat is taken as the required net magnetic length of the undulator
++ The total length Ltot of an undulator system includes the saturation length plus 1.1m for intersections (Quadrupoles, phase shifters, correctors, diagnostics pumps etc)

and 20% contingency for field errors, misalignment etc. For the spontaneous radiators no contingency for the device length is considered.
+++ For the spontaneous radiators U1-U5 the wavelength range given is for the1st and 3rd. harmonic. Here LSat represents the magnetic length of a device. The summation in

the bottom line includes 5 devices.
* For SASE1-4 a normalized emittance εn of 1.6*10-6m, an energy spread of 2.5MeV and a peak current of 5000A is used. An energy spread of 6.0 MeV is assumed

for SASE5, which takes into account the energy spread caused by SASE3. ρ is always calculated for the shortest wavelength, i.e. the largest possible gap.
** Length assumptions: Undulator segment : 5.0m ; Intersection : 1.1m ; resulting cell length : 6.1m ;

Table 1 : Parameters for the 10 undulator systems planned for the TESLA X-FEL Laboratory. λ0 denotes the undulator period length, ρ the Pierce
parameter, BMax, KMax the maximum peak field and undulator deflection parameter at the minimum gap position, GapMin, respectively, β the average
β function in the undulator region. See also the footnotes.



Statusof the3D Time-DependentFEL SimulationCodeGENESIS1.3
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�
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�
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�

DeutschesElektronenSynchrotron,Notkestr. 85,22607Hamburg

Sinceits releasein 1999the 3D time-dependentsimulationcodeGENESIS1.3 hasbecomea helpful tool for the design-
studiesandanalysisof a single-passFree-ElectronLasersexperiments.with the latestversionnew featureshave beenadded
suchassupportfor wake-fieldsandincoherentspontaneousradiation.In additionthemoremodularstructureof theopen-source
codeandthe improvedsupportof externalinput files allow a betterunderstandingof thecode,supportinguserswho want to
addnew featuresto thecode.

1. Introduction

Numerical simulationshave becomean essential
part of any FEL project. They are usedto either
conductdesign-studiesfor proposedexperimentsor
to compareexperimentalresultswith the underlying
theoryembeddedin thecodes.Numerouscodeshave
beenwritten focusingon thespecificFEL interaction
betweenelectronbeamandradiationfield within an
undulator. Most of themusesimplificationssuchas
thesteady-stateregimeor axi-symmetricbeams.

Since its first releasethe FEL simulation code
GENESIS1.3 [1] is usedat variousFEL labsaround
the world and extends the set of time-dependent
FEL codes[2,3] by treatingtheFEL interactionself-
consistentlyin all dimensions. It hasbeensuccess-
fully benchmarked with FEL experiments[4] and
othercodes[5].

2. The Physical Model

The core of the physicalmodel in GENESIS1.3
is afinite-differencebasedsolver for theeikonalFEL
field equations[6] usingthealternatingdirectionim-
plicit (ADI) methodon a Cartesian2D mesh. A 4th
order Runge-Kutta solver integratesthe equationof
motionfor theelectronenergyandphasewhile asym-
plectic solver tracksthe transversevariablesthrough
themagneticlatticeof theundulator.

Two new featuresare incorporatedwith the prop-
agationof the electronbeam. The effect of energy
lossdue to spontaneousradiationandthe growth of
the energy spreaddueto the quantumfluctuationof
thespontaneousradiationfollow ananalyticalmodel
[7] andis appliedto the particledistribution without
introducingunphysicalbunchingeffectsin the longi-

tudinalphasespace.
The secondfeatureis the effect of wake fields on

theelectronbeamwhichis mainlymodeledby amean
energy lossper integrationstep. The wake-field po-
tentialhasto becalculatedprior to therun of GENE-
SIS 1.3 andsuppliedby an externalfile. Neitherthe
choiceof thewake field modelnor theexplicit calcu-
lation of thewake field potentialis partof theGEN-
ESIS1.3distribution andhasto bedoneby 3rd party
programs.

3. Interface

The list of input parameterhasbeenextendedto
roughly 100 parameters,mostly replacinglessintu-
itive parameters.Still the single input is only capa-
ble to describeanFEL undercertainapproximations
or assumptionssuchaspredefinedbunchprofilesor
fixed undulatorandfocusinglattice. To allow more
flexibility for the user the GENESIS1.3 input has
beenextendedto multiple input files, eachdescrib-
ing a specificpart of the simulation. In particularit
allows aneasyinterfaceto othersimulationtools for
e.g.start-endor two stageFEL simulations.

Themagneticfield canbedescribeupto thelevelof
eachindividual undulatorpoleandincludesthemain
undulator field, arbitrary quadrupoleand solenoid
fields as well as field errors, quadrupolemisplace-
mentsand correctormagnets. The structureof this
ASCII input file canbesimplifiedby formatingcom-
mandsandcommentsfor easyreadingandeditingby
theuser.

Similar, beamparametersasa functionof the lon-
gitudinal positionwithin the bunchaswell asentire
sampledistributionsof the complete6D phasespace
canbeimportedinto GENESIS1.3to modeltheelec-
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tron beamwith a high level of detailandflexibility .
Several external programshave been written to

supportthe useof GENESIS1.3. They simplify the
set up of input decks,calculateanalyticalresultsor
supplycorrectmagnetstrengthcompensatingfield er-
rors.

4. Outlook

GENESIS1.3 is written in FORTRAN, which im-
pliestwomajordrawbacks.First,thesizeof themem-
ory demandis determinedduring compilationtime.
Thus the efficiency of the memoryusageis low. In
particularthearraycontainingtheslippagefield is the
dominantpartof the high memorydemandof GEN-
ESIS1.3, althoughnot usedfor steady-statesimula-
tions.Theotherdrawbackis thepoorsupportof FOR-
TRAN for string processing.As a consequencethe
functionalityof theexternalinputfilesarelimited.

Thoseproblemsaresolvedif thecodeis converted
to C or C++, usingdynamicalallocationof memory
anda wide library supportfor input andstring pars-
ing. It is a prerequiredstepfor extendingthe input
andoutputto otherfile formats. Two promisingfor-
matsare SDDS [8] and XML [9]. The first allows
a betterinterfaceto othercodessuchasELEGANT
[10] aswell asthesupportby anextensive library to
processanddisplaythe GENESIS1.3 output. XML
is currentlythemostpromisingstandardfor any kind
of ASCII documents.It automaticallyguaranteesva-
lidity of any inputor outputfile dueto its strict format
andsyntaxrequirement.GENESIS1.3 files canrely
on compability to any otherprogramsupportingthe
XML standard.

The main algorithm of GENESIS 1.3 in time-
dependentmode requires only to pass a limited
amountof informationto adjacentslices.ThusGEN-
ESIS1.3canbeportedto aparallelarchitecturewith-
out any major modification in the code. Using the
message-passinginterface(MPI) [11] for synchroniz-
ing thenodesof theparallelcomputerandpassingthe
requireddatato the next nodeswill significantlyre-
ducethecomputationaltime for CPUintensive time-
dependentsimulations.
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Abstract

In this paperwe considera possiblemechanismof strongdistortionsof longitudinal
phasespacedueto collective effectsin anelectronbunchpassinga magneticbunchcom-
pressor. Analytical expressionsarederivedfor thecaseof a linearcompression.Themain
emphasisis puton analysisof coherentsynchrotronradiation(CSR)effects.

1 Intr oduction

Magneticbunchcompressorsaredesignedto obtainshortelectronbuncheswith
a high peakcurrentfor linac-basedshort-wavelengthFELs[1–5] andfuturelinear
colliders [5–7]. The basicprinciple of compressionis very simple.A relativistic
electronbunchaccumulatesenergy chirp while passingRF acceleratingstructures
off-crestandthengetslongitudinallycompresseddueto anenergy-dependentpath
length in the magneticcompressor(for instance,in a chicane).Since,however,
electronbunchesarevery shortandintensive,collective effectslike coherentsyn-
chrotronradiation(CSR)[8] canseriouslyinfluencebeamdynamicsin compres-
sors[9].

In therecentexperimentswith bunchcompressors[10–12]thefragmentationof
longitudinalphasespacehasbeenobserved.The self-consistentsimulations[13]
of beamdynamicsin the TESLA TestFacility (TTF) bunchcompressorchicane
(BCC), taking into accountCSReffects,have alsoshown phasespacefragmenta-
tion. It hasbeenexplainedby strongenhancementof CSReffectsdueto thelocally
peaked(non-Gaussian)densitydistributioncreatedduringcompressionprocessbe-
causeof RF nonlinearity(seealso[14]).

It hasbeenmentionedin [13] thatanothermechanismcanbeconsideredwhich
is alsorelevant for the ideal linear RF modulation(or, evenwithout modulation).
Namely, high-frequency componentsof the beamcurrentspectrum(higher than
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typical inversepulseduration)causeenergy modulationsat the samefrequencies
due to wakefields.The energy modulationis convertedinto an induceddensity
modulationwhile thebeamis passingthebunchcompressor. If thewakefieldsare
strongenough,the inducedmodulationcan be much larger than the initial one.
In other words, the systemcanbe treatedasa high-gainklystron-like amplifier.
The generaltendency is that higherfrequencies(to someextent) aregoing to get
amplifiedstrongersothatthey maybecomemuchbetterpronouncedin comparison
with thecaseof undisturbedcompression.Thus,thechargedistribution and,more
generally, thelongitudinalphasespacecanbeessentiallymodified.

In this paperwe studysucha mechanismanalyticallyin linearapproximation.
Sinceit is difficult to measure(simulate)smallhigh-frequency perturbationsin the
initial stateof the beam,onecannotexactly predict its final state.Thus,our goal
is to calculate(estimate)the gain asa function of frequency. If the gain is large
thenonemay expectsignificantmodificationsof longitudinalphasespacein the
bunchcompressor, andvice versa.In section2 we studythe dynamicalaspectof
theproblemassuminglinearenergy chirp alongthebeamandthegivenamplitude
of parasiticenergy modulationatsomefrequency. In section3 weconsiderthecase
whentheseenergy perturbationsarecreateddueto wakefieldsupstreamof bunch
compressorand in section4 we thoroughlystudyCSRin the bunchcompressor
chicane.

2 Compressionof the beamwith linear energy chirp and superimposedsinu-
soidal modulation

In this paperwe consider1-D modelof the electronbeamneglectingall the
transverseeffects.An undisturbedphasespacedistribution of the beamwith dc
current,linear energy chirp along the beamand Gaussianenergy spreadcan be
describedwith thefollowing function:�����
	���
���� ���� ���������! #" $&% �'��
 %)( 
 � �*�,+�-� +� . 	 (1)

where
�

is the coordinatealongthe beam(particleswith positive valuesof
�

are
placedbehindthe particle with

�/� 0
),

 � � 1 �32 �5476 + � is the nominal energy

in units of the restenergy,
4

is electron’s mass,
6

is the velocity of light,
��
8��51 % 1 � � 2 �'4763+3� is the energy deviation from the nominalvalue,

��� � �:9 2 �'4763+!�
is the rms local energy spread,

( �<;=�'��
�� 2 �5
 � ;>��� describeslinear energy chirp
alongthebeam,��� is thebeamcurrent.Normalizationis chosenin suchaway that
afterintegrationover

��

wegetthecurrent.Weassume


 � to belargeandconsider
smallenergy deviations

��
@? 
 � althoughformally we let
��


extendfrom

%�A
toA

. Themodelof dc currentallows us to excludeedgeeffectsfrom consideration
andto dealwith smallsinusoidalmodulations.
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To describephasespacetransformationin the bunchcompressorwe assume
a linear dependenceof path length B in the compressoron

��
 2 
 � describedby
compactionfactor C D�E&F � ; B;G�'��
 2 
 � � � ;H�;G�I��
 2 
 � �KJ
Thena particleposition in the beambeforeandafter compression,

�ML
and

��N
, are

connectedby �MNG�O�ML-P D�E&F ��

 � J
Therefore,to describethefinal stateof thebeamwe shouldsubstitute

�
in (1) by� % D>E&F ��
 2 
 � . Thenthe new distribution will have the form of (1) where � , ��� ,

and

(
aresubstitutedby Q � , Q ��� , and Q ( , respectively. Here Q is thecompression

factor: Q � RR P ( D>E&F J
For compressionone shouldprovide

( D>E&F)S 0
. For instance,

D�E&FTS 0
for the

chicanesothat

(
hasto bepositivein thiscase.In addition,in thispaperwerestrict

ourconsiderationby thecondition R P ( D>E&F�U 0
, i.e. thebeamis undercompressed.

Now let usconsideran energy modulationat somefrequency V on top of the
linearchirp. In front of thebunchcompressorthephasespacedistribution hasthe
form: �����
	���
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is the amplitudeof energy modulation.As it wasdone
above,wesubstitute

�
by
� % D>E&F ��
 2 
 � to describethechangeof distributionfunc-

tion in thebunchcompressor. Thenwe integrateover
��


in orderto getcurrentas
a functionof

�
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C Compactionfactoris generallydefinedfor momentumdeviations q&r:str � . For considered
hereultrarelativistic caseq,r:str �vu q3wxs!w � .
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After changeof variablesy � Z ��
n� R P ( D�E&F � %)( 
 � �Mf theintegral takesthefollow-
ing form: � �����z� Q �M�� �*�W��� ikl i ; y �! #" X % Z y P/]^
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D�E&F y 2 
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The integral of sucha form is known to describetheprocessof densitybunching
startingfrom initial sinusoidalenergy modulationbut without linearenergy chirp
(see,for instance,[15]). Making integrationandFourierexpansion,onegets:� ������� Q �M� $ R P � i|}�~ C#� }Y�
� Q e

D�E&F ]^
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Here � } is theBesselfunctionof � th order. Without compression(

( ��0
, Q � R )

theexpression(2) is reducedto thewell-known one[15].

Analyzing(2) weseethatthefrequency range(of initial modulation),in which
the beamcanbe effectively bunched,is limited by

eh��� Q D>E&F ��� 2 
 � � l C . Within
this rangethe condition Q e=� D�E&F ��]^
 2 
 �@� R meansthat the beamis completely
bunchedandthephasespaceis fragmented.For

e���� Q D�E&F ��� 2 
 � � l C this happens
when

]^
 � ���
. It is worth mentioningthat

���
alwaysstandsfor theinitial energy

spread(beforecompression).

In thispaperwewill uselinearapproximationassumingthat Q e=� D�E&F � ]^
 2 
 � ?R . This leavesuswith only thefirst harmonicof thebeamcurrent( � C �5���z��� 2 � ):� �����z� Q ��� Z R P)�
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is thesignof

D�E&F
and

�
L����
is theamplitudeof thefirst harmonicin

thefinal stateof thebeam:�
L��b�`� Q eG� D�E&F � ]m
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We have consideredherethemodelof infinitely long beam.Theresultsof this
papercanbeusedfor abunchwith finite length

�
assoonasthefollowingcondition

is satisfied: e �[� R J (5)

Theinfluenceof beamemittance� on longitudinaldynamicsis negligible whene ��B¡  2-¢ ? R 	 (6)

where B¡  is thelengthof apaththroughcompressorand ¢ is thebeta-function.
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3 Wakefieldsupstreamof a bunch compressor

Let usassumethatupstreamof thebunchcompressorthereis a small density
perturbation

�
L
at somefrequency:� �I�*�z� �M� Z R PT�
L ��� _��Ie:���,f J (7)

Duetosomewakefieldsupstreamof compressorthebeamgetsmodulatedin en-
ergy at thesamefrequency with theamplitude

]m

. Describingtheactionof wake-

fields by longitudinal impedance£ ��e:� we canconnectthe amplitudesof energy
anddensitymodulationsasfollows:]m
7� � £ �Ie:���£ � �����¤ �
Lx	 (8)

where £ � �8¥§¦
¦�¨
is thefree-spaceimpedanceand �!¤ � R ¦ kA is theAlfv encur-

rent.Then,using(4) wecalculatetheamplitudeof theinduceddensitymodulation
at theendof bunchcompressor. In generalcase,to find final densitymodulation

��N
oneshouldsumupinducedmodulationand(transformedto theendof compressor)
initial one,takingcareof phaserelations.But in this paperweuseapproximation�
L:? �
L��b�`? R J
In otherwords,

��N©�ª�
L����
andthegainin densitymodulation«¬� ��N�
L � �
L�����
L

is assumedto behigh,
« � R (otherwisetheeffect,consideredin this paper, is not

of greatimportance).Underthis approximationthegaindependsneitheron phase
of £ �Ie:� noron signof

D�E&F
andis equalto«8� Q e=� D�E&F �Y�M�
 �{��¤ � £ �Ie:���£ � �3 #" � % R� Q + e + D +E&F � +�
 +� � (9)

For broadbandnonresonantwakefieldstheproduct
e=� £ ��e:��� is usuallyagrowing

functionof
e
. For suchcasesthemaximalgainis achievedate l C­&®b¯ � ���
 � �

D�E&F � Q J (10)

Theoptimal final frequency (whenthebeamis compressed)roughlydoesnot
dependoncompressionfactor Q . A crudeestimatefor themaximalgainis«±° ��² � ������ ��¤ � £ ��e ­&®b¯ ���£ � J (11)

113



Theterm ���32 � ��� ��¤ � is proportionalto a longitudinalbrightness(particlesden-
sity in longitudinalphasespace).In practicethephasespacedistributioncanbeof
complex shape.Wenotethatthelocalenergy spreadshouldbetakenfor estimations
of amplificationeffect.

4 CSR in the bunch compressorchicane

Wakefieldscanalsoexist insidebunchcompressors.We considerherecoher-
ent synchrotronradiationwhich is an intrinsic featureof magneticcompressors.
CSReffectscanbeminimizedtherebut notavoided.Recently, CSR-inducedbeam
instability in storageringshasbeeninvestigated[16]. Thatinstabilitydevelopscon-
tinuously, in smallincrements,likemostinstabilitiesof relativistic electronbeams.
We analyzeherequite differentsituationwhen the longitudinalphasespacecan
be suddenlymodifiedwhile the electronbeamis passinga singleelementof the
beamline.In this senseonecan think of suchan analogyasa klystron versusa
travelling-wavetube.

While theformulaeof theprevioussectionareprettygeneralanddonotdepend
on a type of the bunchcompressor, in this sectionwe have to choosea specific
model.We considera simmetricthree-dipolechicane

+
wherethefirst andthelast

dipoleshavethelength ³ � , andthemiddleoneis aslongas
� ³ � . Thebendingangle

in thefirst dipole ´ is small, ´ � ³ � 2 D ? R (

D
is thebendingradius),andthetotal

length ³�  of BCCsatisfiesthecondition³�  � µ ³ � J (12)

Thecompactionfactorcanthenbeexpressedin a simpleform:

D�E&F � % ³� {´ + .
TodescribeCSRweusethesteady-statemodelneglectingedgeeffects.Thedomain
of validity of this modelcanbeestimatedon thebaseof resultsobtainedin [17]:³ � � � D + 2 e:� CI¶¸·º¹ cW�5
 ·� 2 e D �z	 (13)

assumingthat inequality

 ·� 2 e D � R alwaysholds.We neglect the influence

onCSRof transversebeamsizeandof thescreeningeffectof thevacuumchamber
requiringthat[9,18] �'» · 2 D � CI¶ + ? e¼? � � ·½ 2 D � CI¶ + 	 (14)

where
»

is thetransversesizeof vacuumchamberand
� ½ is thatof electronbeam.

Undertheconditions(13) and(14) themoduleof CSRimpedancein thefirst and+
Underlimitations,acceptedin this section,all theresultsarevalid for a four-dipolechi-

cane,too.
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thelastdipolescanbeexpressedas[18]� £ ��e:���£ � � ��¾ � � 2 ¥§�¥ CI¶¸· ³ ��e CI¶¸·D + ¶¸· 	
(15)

and in the middle dipole it is two times larger. Here
¾ � J¿JdJ � is the complete

gamma-function.

Theacceptedmodelallowsusto simplify calculationof thegain.Indeed,under
the condition (12) we neglect longitudinal motion inside the dipolesso that the
densitybunchinghappensonly betweendipoles.On theotherhand,basedon (13)
weneglectCSR-inducedenergy modulationoutsidethedipoles.Thus,weseparate
thesetwo processes.

In theframework of this modelwe considerthetwo-stageamplificationin the
bunchcompressor. Indeed,initial densityperturbation(7) causesenergy modula-
tion accordingto (8), (15).Thenwegetinduceddensitymodulationat theentrance
to themiddledipole.Weassumeit to bemuchlargerthantheinitial one.Thenpar-
tially compressedbeam(compactionfactoris equalto

D>E&F 2 � ) in themiddledipole
getsagainmodulatedin energy at anew frequency:e�°WL�����À�Án� � R P ( D�E&F� � l C eÂ� � Q eQ P R 	
where Q is the total compressionfactorof BCC. As a result,we have an induced
densitymodulationat a final frequency Q e in the end of BCC, which is again
assumedto bemuchlargerthanthemodulationin themiddledipole.So,weassume
the gain in eachstageto be large and neglect phaserelationsas we did in the
previoussection.

The calculationof the gain in eachstageis similar to that presentedin the
previous section.The main differenceis that now the energy modulationlinearly
increasesinsidedipoles.Therefore,a particlewith a givenenergy deviation (at the
endof thedipole)getstwo timessmallerangularkick in comparisonwith thecase
whenthisenergy deviationexistsin front of thedipole.So,thegainis reducedby a
factorof two in eachstage.Leaving out thedetailsof calculation,we presenthere
thefinal resultfor theBCCgainin densitymodulation:« � ee ­&®b¯ � �Ã«�° ��² � ee ­&®{¯ �zÄ ¶¸· �! #"hÅÆ Ç % µ ¥/ÈÉ � ee ­&®b¯ � + % R3ÊËvÌ ÍÎ 	

(16)

wheretheoptimalfrequency is givenbye l C­&®{¯ ��Ï ¥Ð � D�E&F � Q � Q +©P R � CI¶ +Q P R ���
 � 	 (17)
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andthemaximalgainis «�° ��² �ªÑ
Ò +� � C � Q � J (18)

Here
Ñ

is numericalconstant( � is thebaseof naturallogarithm):Ñm� �*ÓHÔ �� Ó
Õ CI¶¸· � ¾ � � 2 ¥
�¥ � + � R J 0 Ð 	Ò � is thegainparameter:Ò � � �M���� ��¤ � 
 ���� � CI¶¸· ³ �� D + � D�E&F �Ö� CI¶¸· 	 (19)

andthefunctionof compressionfactor,
� C � Q � , hastheform:� C � Q �z� � Q + ¶¸· � Q P R � CI¶¸·� Q + P R � Ó ¶¸· J (20)

Sinceenergy modulationsareinducedinsidebunchcompressor, onecanalso
calculatethegainin energy modulation.If thereis asmallperturbationwith ampli-
tude

]^

in front of BCC,it is convertedinto thedensitymodulationat theentrance

to themiddledipole.ThereCSRinducesenergy modulationwhich is assumedto
bemuchlargerthantheinitial one.Thenthebeamgetsfurtherbunchedin density
while moving to theentranceof the lastdipole.In thatdipole theenergy modula-
tion is induced(muchlarger thanthat in the middledipole).The gain,definedas
a ratio betweenfinal andinitial amplitudesof energy modulation,is thengivenby
(16)with

e ­&®b¯ givenby (17).Themaximalgaindiffersfrom (18)andcanbewritten
as «�° ��² � � Ñ
Ò +� � + � Q �×	 (21)

where � + � Q ��� � Q + � Q P R � CI¶¸·� Q + P R � Ó ¶¸· J (22)

Let us commenton the behaviour of functions
� C � Q � and

� + � Q � . As we have
alreadymentioned,thefinal optimal frequency is almostindependentof compres-
sion factor. The initial optimal frequency is lower whenthecompressionfactoris
larger, i.e. CSRis weaker in the first dipole. In addition,the bunchingprocessis
lesseffective for lower frequencies.This explainswhy

� C � Q � quickly decreases.
Thecounteractingprocessis thegrowth of thebeamcurrentduringcompression.
In thelastdipoleCSReffectsarestrongerfor largercompressionfactor. This is im-
portantfor thegain in energy modulation.As a result,function

� + hardlydepends
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on Q in practicallyinterestingregion. It is worthmentioningthatfinal density(en-
ergy) modulationsaredefinedby the gainandby initial modulations.When Q is
larger, the gaincurve is shiftedtowardslower frequencieswherethe components
of the beamspectrumare larger, in general.Therefore,onemay expectstronger
perturbationsof the longitudinalphasespacein the final stateof the beamwhen
compressionfactor is larger. For the samereason(larger initial modulations)the
strongesteffectmaybeobservednotat theoptimalfrequency but at lowerfrequen-
cies.
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Photon Diagnostics for the X-ray FELs at TESLA

M. Tischer, P. Ilinski*, U. Hahn, J. Pflüger, H. Schulte-Schrepping

Hamburger Synchrotronstrahlungslabor HASYLAB, DESY, Notkestr. 85, D-
22603 Hamburg, Germany

*Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave.,
Argonne, IL 60439, USA

An X-ray diagnostic station will be installed for each of the XFEL undulator beamlines at
TESLA. Primary purpose of the X-ray diagnostics is to provide an additional tool for alignment
and commissioning of the numerous undulator cells along an XFEL beamline independently
from electron beam based alignment procedures. Both methods will complement one another.
The X-ray diagnostic station will be a sensitive instrument generating essential input for the
undulator control system. The diagnostic station will be located about 120 m downstream from
the last undulator cell. Total flux measurements will verify the XFEL’s gain. Analysis of the
spectral and spatial distribution of the spontaneous radiation of individual or several consecutive
undulator segments will be used to optimize angle and position of the electron beam trajectory,
to verify the magnetic gap, and to adjust the phase match between two undulator segments. The
two latter purposes cannot be served by electron beam based alignment.

PACS: 41.60.Cr; 42.60.Jf; 07.85.Qe

Keywords: X-ray Free Electron Laser; Photon Beam Characterization; Trajectory alignment;
Phase tuning; Imaging optics;

1. Introduction

The FEL laboratory at TESLA will provide ten undulator beamlines, five of them will be
SASE undulators, the others spontaneously radiating devices. The overall project is defined in
the TESLA Technical Design Report (TDR) [1]. The primary SASE undulators are four
planar devices operating in the energy range from 2.5 keV to 14.6 keV. An X-ray FEL
undulator system is made of up to ~50 short cells of 6.1 m length. Each undulator cell consists
of a variable gap undulator segment of 5 m length and a 1.1 m long intersection module
containing various items such as a phase shifter, a quadrupole with an integrated BPM,
steering coils, and vacuum components. Gap motion and gap dependent settings of phase
shifter, steerers, etc. will be managed within each cell by a local control system which is part
of a central undulator control unit.
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Primary purpose of the X-ray diagnostics is to have an additional tool for alignment and
commissioning of the numerous undulator cells along a XFEL beamline independently from
the electron beam based alignment procedure [2-4]. Both methods will complement one
another as the latter gives no insight into the magnetic gap or the phase match of adjacent
undulator segments. Photon diagnostics has successfully been used for the TESLA Test
Facility [5], the LEUTL FEL [6], and has been proposed for the LCLS project [7];
preliminary ideas have also been suggested for TESLA [8].

Here, the X-ray diagnostics for undulator system SASE1 is discussed as a prototype
representative for all beamlines. It is located about 120 m downstream of the last undulator
cell (Fig. 1) and allows to characterize the radiation of an entire undulator system or
individual segments and can be used for photon beam based alignment. It consists of a crystal
monochromator as a principal unit, an imaging optics and different detector systems such as a
CCD array, pin diodes, and a calorimeter. As all undulators will be equipped with a gap drive
individual segments can be selected for diagnosis by switching off, i.e. opening the gap of all
other segments. This concept of only one common diagnostics for all undulator cells avoids a
multiple installation of identical diagnostic devices which all would have to be calibrated
against each other. It rather facilitates a precise alignment and setup of the whole undulator
system.

Wavefront calculations have been performed for the parameters of SASE1 [9] using
SRW [10] in order to predict the properties of the undulator radiation observed at the
diagnostic station. For the ease of comparison all calculations have been performed for an
observation point 100 m behind the source. Three major diagnostic issues relate to a proper
setup of the undulator cells, namely trajectory alignment, gap adjustment, and phase tuning
which are discussed in the following.

Intersection Components : BPM Quadrupole

Phase shifter horizontal steerer vertical steerer

1.1m

6.1m

5.0 m 53 cells � 323 m

120 m440 m
Cell

e-

hν
Photon
Diagn.

User
Exp.

Photon BPM

Fig. 1: Schematic outline of a prototype TESLA FEL beamline.
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2. Trajectory alignment

It has been shown [11] that a random rms quadrupole offset of 1 µm will lead to a FEL gain
reduction of ~10%. This value, corresponding to a 2nd field integral of I2 = 83 Tmm2, is also
considered as upper limit the trajectory displacement within a single undulator segment. The
resulting requirement for angular trajectory alignment within a 5 m long undulator segment is
0.2 µrad.

Spontaneous radiation of the 1st, 3rd or 5th harmonic can be used for the different alignment
aspects depending on the required accuracy. The top part of Fig. 2 shows the energy spectrum
of the 1st harmonics of a single SASE1 undulator segment for inclusion of the finite emittance
(solid) and for a filament electron beam (dashed). As expected, the emittance influence is still
small for the (spontaneous) spectrum of the 1st harmonics. The lower part of Fig. 2 displays
spatial distributions for slightly different observation energies of the fundamental undulator
peak. Detuning of the observation energy towards lower values leads to a broadening
accompanied by a splitting of the intensity cone towards a ring. Detuning by ~5‰ to higher
energies (Fig. 2 c) leads to a considerable narrowing of the radiation cone, however to the
expense of lower intensity. The center of gravity for all three intensity distributions in Fig. 2
is on the beam axis independent of observing the radiation on- or off-crest of the undulator
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Fig. 2 top part: Energy spectrum of the spontaneous radiation of a single 5 m long undulator
segment at a wavelength of ~1 Å. Solid: emittance effects included, dashed: filament electron
beam. Lower part a–c): Profile of the circular beam expected for different observation
energies (12.24 keV, 12.30 keV, 12.36 keV) in the vicinity of the undulator peak (arrows).
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spectrum. Therefore the photon beam axis and also the mean undulator trajectory can be
detected independently of a possibly incorrect gap setting.

A still smaller spot size is obtained for higher harmonics of the undulator radiation. Fig. 3
compares the spatial distributions for an observation energy detuned by a few ‰ above the
higher harmonics peak. As expected the emittance induced portion of the profile broadening
becomes more apparent for higher harmonics when the total line width decreases. A full width
at half maximum (FWHM) of 330 µm and 280 µm at a distance of 100 m is obtained for the
3rd and 5th harmonic, respectively. Going to even higher energies narrows the spatial
distribution only by a negligible amount (~10µm) as the photon beam divergence is now
dominated by the emittance. Assuming a mean spatial line width of ~330 µm, an accuracy of
~7% of the FWHM (working with the 5th harmonics) or correspondingly 20 µm of the
obtained spatial distribution has to be achieved in order to cope with the specified angular
resolution of 0.2 µrad. The setup described below will meet this requirement.

It is evident that the analysis of the photon spot as a single footprint of the electron trajectory
through the undulator cannot distinguish between a shifted and a tilted orbit. Two photon
BPMs will be installed in the drift space between undulator exit and the diagnostic station
which can also be operated continuously without interference with a user experiment.
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Fig. 3: Intensity profiles of the 3rd (a) and 5th (b) harmonics for the conditions according
to Fig. 2c), i.e. an observation energy detuned slightly above the undulator peak.
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3. Gap adjustment

One way to adjust the gap of each undulator segment is to take an energy spectrum whose
center of gravity defines the energy position of the undulator harmonics for the present gap
value which then has to be adjusted. The uncertainty in the measured fundamental energy has
to be smaller than the ρ-parameter (4⋅10-4), i.e. the undulator harmonics have to be determined
with a precision of 18% of the line width.

Alternatively, the gap can be optimized by maximizing the intensity at the desired photon
energy which is then kept fixed. Corresponding to the ρ-parameter the precision requirement
for the gap adjustment is in the order of ~3 µm. Fig. 4 displays the intensity obtained for a
fixed observation energy at the 5th harmonics (61.5keV) as function of the gap detuning from
its nominal value. It can be seen that the observed intensity varies considerably with a small
gap misalignment; an intensity drop of ~8% is expected for a gap deviation of 3 µm. This
method will work much faster than the first approach.

Gap tuning of all undulator segments one by one will result in identical fundamental energies
of all cells. A tiny taper of the gap along the entire undulator system, which is required to
optimize the SASE intensity, has to be fine-adjusted subsequently.

4. Phase tuning

Changing the undulator gap will result in a change of the phase relation between two adjacent
segments. In order to compensate the wavelength dependent phasing condition, a phase shifter
is installed in the intersection module [12]. It consists of a three-magnet chicane which is
powered by a gap dependent current, and delays the electron beam so that the radiation from
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the following segment is in phase with that of the previous for all wavelengths. The
adjustment of the optical phase has to be assured with an accuracy of only ~1% or a few
degrees [13].

The determination of the correct phase is based on observing the radiation of two successive
undulator segments. The phase relation affects the energy spectrum as well as the spatial
distribution of the composed radiation (Fig. 5). For complete phase match the undulator line
peaks at Efund. In case of fully destructive interference, the undulator spectrum shows intensity
maxima below and above that value. The spatial radiation distribution at E = Efund is cone-like
in the matched phase condition whereas the radiation is emitted in a ring in the destructively
interfering case.

The easiest way to monitor the phase is to observe the photon intensity at constant energy
Eobs = Efund while shifting the optical phase in the electron chicane. The detected photon flux
shows a cosine dependence with a peak-to-peak amplitude of ~400 for a phase advance from
π to 2π. This will be sufficient to tune the optical phase within the required accuracy.
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Hardware Setup

The photon diagnostic station can be split up into three parts, i.e. the photon beam position
monitors, the central imaging station, and a detector unit for observation of integral
properties.

Photon BPMs will be used in conjunction with the imaging station to precisely align the
trajectories of all undulator segments, in particular to distinguish between transversal and
angular displacement. Position-sensitive ionization chambers are present state-of-the-art
photon monitors in terms of resolution and are most appropriate for this application as they do
not directly interact with the beam. Ionization chambers with so-called backgammon
electrodes, which have been developed at Spring8 [14], exhibit a sensitivity of about 1 µm
and are ideally suited for our purposes.

The primary part of the photon diagnostic station will image the central cone of the
monochromatized undulator beam of one or several undulator segments. It will be possible to
observe an image at the energy of the 1st and 5th harmonic of the XFEL undulator through two
different viewports. A field of view with a diameter of 5 mm is needed to determine FWHM
and shape of the central cone. The undulator beam will be monchromatized using a single
crystal Laue-case setup similar to that used at the PETRA-undulator beamline at HASYLAB
as shown in Fig. 6. There will be two fixed viewports in order to observe the first and fifth
harmonic of the undulator by only rotating the crystal angle. The observation of two angles
allows the determination of an absolute energy scale.

Laue - case Si - crystal

CCD 5th harmonic

CCD 1st harmonic

beam

ρ - tilting stage

y - translation

Fig. 6: Schematic view of the diagnostic station setup. A Laue-case silicon crystal monchro-
matizes the undulator radiation. The central cone will be observed at two photon energies
(1st and 5th harm.) through fibre optic viewports coated with fluorescent screens.
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Experience with a similar setup at the PETRA beamline [15] with the PETRA storage ring at
DESY running at 12 GeV positron energy, shows that the images obtained by a thin Laue-
case crystal with a thickness of 200 µm provide a clear picture without additional spots and
high energy background. The Laue-case setup is favorable due to the small Bragg angles of
5.49° and 9.17° required for the 5th harmonic using Si(333) and for the 1st harmonic with
Si(111), respectively.

An imaging system is proposed composed out of the Laue-case crystal monochromatizing the
central cone, projecting it onto a fluorescent screen attached directly onto a fibre optic taper.
The fluorescent screen will be either directly coated onto the fibre or be a thin film screen
attached to the fibre. This taper is part of a fibre optic vacuum window. At the air side of this
window a CCD chip will be directly bonded onto the fibre.

Assuming a field of view of 5 mm2 and the need for a 12 µm2 CCD pixel size (16 bit
resolution requirement), a taper with an imaging ratio of 1:2.4 (screen side : CCD side) will
be installed. The overall resolution of the system using a 1024×1024 pixel CCD chip will be
5 µm2/pixel. This estimate assumes present day fibre optic tapers with a fibre diameter of
6 µm at the CCD side. A CCD chip with a higher pixel count usually has a larger pixel size
and will not give a higher resolution, but will only provide a larger field of view. An option
will be replacing the fluorescent screen coating at the fibre end by a doping of the fibre end.

Present day 16 bit resolution CCD systems are driven with a maximum pixel clock of 50 kHz,
due to an increase in readout noise at higher clock rates. The dark current in a cooled CCD
system is negligible at exposure times in the seconds range. Under these conditions, the setup
will be able to provide an image every 20 seconds. A 12 bit system would provide an image
in one second or faster, but the dynamic range is too limited to observe the effect of phasing
of two undulator segments without changing the exposure time. From our simulations with
SRW, we observe a difference in intensity by a factor of 400 while changing the operating
conditions from an anti- to a phased mode.

Integral beam properties will be determined in a second station similar to the imaging station
described above. The integral power of the spontaneous radiation will be measured with either
a pin diode or a calorimeter put into the direct beam. The incident power ranges from about
1 mW (47 mW) for a single pulse to 50 W (2.7 kW) for continuous operation in case of a
single (all) undulator segments switched on. Furthermore, a thin diamond crystal in Laue
geometry will monochromatize the SASE line to determine the gain and the spectrum. The
power in this line will again be measured with either a pin diode or a calorimeter depending
on the gain regime of the FEL. The pin diode in the direct beam will then measure the power
of the complementary part of the photon spectrum, i.e. the overall background of the SASE
line.
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Abstract

This paperpresentsan experimentalstudyof the statisticalpropertiesof the radiation
from a SASE FEL. The experimentswere performedat the TESLA Test Facility VUV
SASEFEL at DESY operatingin a high-gainlinear regime with a gain of about ����� . It
is shown that fluctuationsof the output radiationenergy follows a gamma-distribution.
We alsomeasuredfor thefirst time theprobabilitydistribution of SASEradiationenergy
aftera narrow-bandmonochromator. Theexperimentalresultsarein goodagreementwith
theoreticalpredictions,theenergy fluctuationsafter themonochromatorfollow a negative
exponentialdistribution.

1 Introduction

Thecorrectdesignof a self-amplifiedspontaneousemissionfreeelectronlaser
(SASE FEL) and the planningof the equipmentand experimentsof FEL users
dependstronglyon anunderstandingof the radiationamplificationprocessin the�
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SASEFEL andtheknowledgeof thepropertiesof theoutputradiation.Theampli-
ficationprocessin theSASEFEL startsfrom theshotnoisein theelectronbeam.
This implies that the SASE FEL radiationitself is of a stochasticnature.Theo-
retical investigations[1] predictthat the radiationfrom a SASEFEL operatingin
the linear regime possessesall the featuresof completelychaoticpolarizedradi-
ation. In particular, theprobability densityfunction of the energy in the radiation
pulseshouldfollow thegammadistribution,andthe intensityaftera narrow-band
monochromatorshouldfluctuatein accordancewith a negative exponentialdistri-
bution.

2 Theoretical background

In thelinearmodeof operationtheSASEFEL canbetreatedasanarrow band
lineardevicewhichfiltersawidebandrandominputsignal– shotnoise.A general
propertyof suchdevices is that an output signal is a Gaussianrandomprocess.
The propertiesof SASE FEL radiationcan be adequatelydescribedin termsof
statisticaloptics: time andspectralcorrelationfunctions,probability distributions
of finite-time integralsof the radiationpower (i.e. energy in the radiationpulse),
andprobability distributionsof the radiationenergy after a monochromator. The
radiationfrom aSASEFEL operatingin thelinearregimefalls into thecategoryof
statisticalopticscalledcompletelychaoticpolarizedlight [2]. A detailedstudyof
thestatisticalpropertiesof theradiationfrom aSASEFEL is presentedin [1]. Here
we summarizesomeresultsrelevant to theSASEFEL operatingin thehigh-gain
linearregime:� Thedistributionof theinstantaneousradiationpower � is anegativeexponential

distribution: 	�
 �
��� �� �
������� ��� �� ������� (1)

where
� ��� is theaveragepower.� Finite-time integrals of the instantaneouspower (i.e. energy in the radiation

pulse)follow agammadistribution:	�
! ��� "$#% 
 " � �  �  � � #�& � ��  �'�(��� � � "  �  � � � (2)

where
% 
 " � is thegammafunction, " � ��)+*-,. , and

*/,. � � 
0 � �  �1� , � ) �  � , .
Theparameter" canbeinterpretedastheaveragenumberof “degreesof free-
dom” or “modes”in aradiationpulse.In thehigh-gainlinearregimetheradiation
from SASEFEL is almostcompletelytransverselycoherent[3], andthe value
of " is the typical numberof spikesin the radiationpulse.When " tendsto
unity, thedistribution (2) tendsto a negativeexponentialdistribution (1). When" 2 �

, thedistribution(2) tendsto aGaussiandistribution.
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� Theprobabilitydensitydistributionof theradiationenergy afteramonochroma-
tor, 	�
! � , is alsodescribedratherwell by agammaprobabilitydensityfunction.
Whentransverselycoherentradiationis filteredbyamonochromator, thenumber
of modesgraduallydecreaseswith increasingof themonochromatorresolution.
Whenthe latter valuebecomesnarrower thanthe width of a spike in the spec-
trum, the numberof modesin the filtered radiationapproachesunity, and the
fluctuationsof theradiationenergy aredistributedin accordancewith anegative
exponentialdistribution(1).

3 Description of the FEL facility

The experimentalresultspresentedin this paperhave beenachieved at the
TESLATestFacility (TTF) Free-ElectronLaserattheDeutschesElektronen-Synchrotron
DESY. Thegoalof theTTF FEL is to demonstrateSASEFEL emissionin theVUV
and,in asecondphase,to build asoftX-ray userfacility [4].

Theinjector is basedon a laser-driven1
�, -cell rf gunelectronsourceoperating

at 1.3 GHz [5–7]. Thegunsectionis followedby a 9-cell superconductingcavity,
boostingtheenergy to 16 MeV. Two superconductingacceleratingmodulesaccel-
eratethe electronbeamup to an energy of 300 MeV [8]. A bunchcompressoris
insertedbetweenthetwo acceleratingmodules,in orderto increasethepeakcurrent
of thebunch.

Theundulatoris afixed12mmgappermanentmagnetdeviceusingacombined
functionmagnetdesignwith a periodlengthof 354 = 27.3mm anda peakfield of6 4 = 0.46T, resultingin anundulatorparameterof 7 � �98:�<;

[9]. Theundulator
systemis subdivided into threesegments,each4.5 m long. Thereis a spacingof
0.3m betweenadjacentsegmentsfor diagnostics.Thetotal lengthof thesystemis
14.1m.Thebeamorbit straightnessin theundulatoris determinedby thealignment
precisionof thesuperimposedpermanent-magnetquadrupolefieldswhich is better
than50 = m in bothverticalandhorizontaldirection.

66 m

chamber
RAFEL

chamber
RAFEL

UndulatorACC2BC2Dipole Dipole EXP1

Dipole BC2

Collimator

e-

e-

RDU

Fig.1.Generallayoutof theexperimentalfacility. HereBC2is thebunchcompressor, Acc2
is thesecondacceleratingmodule(120to 240MeV), RDU denotestheradiationdetector
unit (seeSec.4.2for details).RAFEL chamberdownstreamthe undulatorhousesa plane
SiC mirror, andthechamberin theBC2 areahosesa grating.Both RAFEL chambersare
equippedwith MCP-basedradiationdetectors
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Table1
Main parametersof theVUV FEL at TESLA TestFacility

Parameter Measured value
beamenergy 180-270MeV
rmstransversebeamsize �����?>A@B�DC m
electronbunchcharge 1-3nC
peakelectroncurrent 400-600A
bunchspacing 0.444ns
numberof bunchesin a train 24
repetitionrate 1 Hz
undulatorperiod, E 4 27.3mm
undulatorpeakfield 0.46T
effective undulatorlength 13.5m
radiationwavelength,EGF1H 80-180nm
FEL gain �����
spectrumbandwidth(FWHM) 0.6%
FEL radiationpulseenergy 10-15 C J
FEL radiationpulselength 0.5-1ps
FEL radiationpeakpower 10-20MW
FEL radiationpeakbrilliance ��� ,JI phot./sec/mrad

,
/mm

,
/(0.1% BW.)

4 Experimental study of statistical properties of SASE FEL radiation

The main parametersfor FEL operationare compiled in Table 1. Sincethe
first lasingof theSASEFEL at DESY (February2000)its performancehasbeen
graduallyimproved.The radiationwavelengthis continuouslytunablein a wide
rangefrom 80 to 180nm[10]. At presenttheSASEFEL gainis tunedto thevalue
of about

�BK � , of aboutoneorderof magnitudebelow thegainat saturation.This is
asignificantimprovementcomparedto theFEL gainof aboutLNM ��K+O obtainedlast
year[11]). Theenergy in theradiationpulseis about10-20 = J,thepulsedurationis
0.5-1ps,thepeakandaverageradiationpower areabout20 MW and0.2-0.3mW,
respectively. Thepeakbrillianceis about

�BK9,JI
phot./sec/mrad

,
/mm

,
/(0.1% BW.).

The stableoperationof the facility hasenabledus to perform detailedstud-
ies of the statisticalpropertiesof the radiationfrom the SASEFEL operatingin
thehigh-gainlinearregime.TheFEL radiationhasbeenmonitoredwith anMCP-
baseddetectorconsistingof a thin goldwire scatteringa tiny fractionof theSASE
FEL radiationonto a micro-channelplate(MCP) [12]. The dynamicrangeof the
detectoris abouteightordersof magnitudewhichcoversthewholeoperatingrange
of a SASEFEL (from spontaneousemissionup to saturation).Theschemeof ex-
perimentis presentedin Fig. 1.
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4.1 Fluctuations of the energy in the radiation pulse

Measurementsof theenergy in theradiationpulseshavebeenperformedby the
MCP-baseddetectorinstalleddownstreamthe undulatorin the RAFEL chamber
(seeFig. 1). Theacceleratorhasbeenoperatedwith 24 bunchesin a train (1.8 nC
bunchcharge,0.444nsbunchseparation)at 1 Hz repetitionrate.Theradiationde-
tectormeasuredenergy for every bunchwith relative accuracy of betterthan5%.
Fluctuationsof theoutputradiationenergy occurfrom train-to-trainandbunch-to-
bunchwithin a train. In generalthey may be causednot only by statisticalfluc-
tuationsof the SASEFEL radiation,but alsoby unstableoperationof the accel-
erator. During the experimentwe performedsimultaneousmeasurementsof indi-
vidual bunchchargesandoffsetsat theundulatorentrance,themostcritical beam
parametersinfluencingtheFEL process.Theanalysisof theresultsshows thatthe
machinefluctuationsweresmall andwe did not find a significantcorrelationbe-
tweena variationof theabove mentionedparametersandtheoutputradiationen-
ergy. Thus,we concludethat the measuredfluctuationsof the radiationenergy in
the buncharedominatedby the statisticalpropertiesof the SASEFEL radiation.
During theexperimentwestoredinformationon2000macropulsesandplottedthe
probability distributionsof the radiationenergy. Figure2 illustratesrelevant dis-
tributionsfor differentbunchpositionsin the train. Thesolid curvesrepresentthe
gamma-distribution (2). The parameter" � �<)+*-,. hasbeencalculatedfrom the
experimentaldata.It is seenthatthereis goodagreementof themeasurementswith
theoreticalpredictions.Figures3 and 4 shows the averageradiationenergy and
parameter" alongthetrain.

Thedeterminationof theparameter" givesusvaluableinformationaboutthe
propertiesof theradiationpulsein timedomainwhichcannotbemeasureddirectly.
Indeed,typical pulsedurationof SASEFELs is abouta fractionof a picosecond.
Theresolutiontime of modernfastphotoelectricdetectorsis muchlargerthanthis
value,abouta fractionof nanosecond,which allows to measureonly total energy

Fig. 2. Probability distribution of the energy in the radiation pulse. Left and right
plots correspondto the first and the last bunch in the train, respectively. Solid curves:
gamma-distribution.
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Fig. 3. Averageenergy in theradiationpulsesversuspositionof thebunchin thetrain

Fig. 4. Numberof radiationmodes,P , versuspositionof thebunchin thetrain

of theradiationpulse.For theSASEFEL operatingin thehigh-gainlinearregime
thevalueof " hasa directphysicalmeaning,namelyit is about(in average)the
numberof modes(or spikes) in the radiationpulsein time (or spectral)domain.
Thetypical scaleof a spike in thefrequency domainis theinversevalueof thera-
diationpulsedurationQ . Thespectralwidth RTS of theradiationfrom aSASEFEL
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Fig. 5. Single-shotspectrumfrom TTF SASEFEL (circles).Spiky structurearenot seen
dueto low resolutionof monochromator. Thesolidcurvepresentsthetheoreticalprediction
for theaveragedspectrum

canbemeasuredwithout problems.A relevantmeasurementfor our experimentis
presentedin Fig. 5. Thus,theradiationpulselengthis givenby " ) R
S . Usingthe
datapresentedin Figs.4 and5, weconcludethattheradiationpulselengthis about
0.5ps.

4.2 Fluctuations of the energy after narrow-band monochromator

Measurementsof fluctuationsof theradiationenergy afterthemonochromator
havebeenperformedusinganarrow-bandmonochromatorof theRAFEL (Regen-
erative Amplifier FEL [13]) optical feedbacksystem.The schemeof the experi-
mentis explainedin Fig. 1. TheSASEFEL radiationemittedby theelectronbeam
is back-reflectedby a planeSiC mirror (RAFEL chamberat the right sideof the
scheme)ontomonochromator(RAFEL chamberattheleft sideof thescheme).The
RAFEL monochromatoris asphericalgratingin Littrow mountingwhichdisperses
the light in the directionof the radiationdetectorunit (RDU) installed27 meters
downstream.The RDU is equippedwith an MCP-basedradiationdetectorwith a
thin (200 = m) gold wire which playsthe role of an exit slit of the monochroma-
tor. Thedesignof a sphericalgratingin Littrow mountingguaranteesa resolution
of about 
 R
S ) SU�JVXW ��K &GY which is lessthantypical scaleof the spike in spec-
trum R
S ) SZW[L
M ��K &GY (thisvalueis givenby theSASEradiationspectrumwidth
dividedby the numberof modes" ). The experimentalprocedureis the sameas
beingdescribedin the previous section.We storedinformationon 300 radiation
pulsespassedmonochromatorandplotteda histogramof theprobabilitydistribu-
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Fig. 6. Probabilitydistribution of theenergy in theSASEradiationpulseafternarrow-band
monochromator. Solid line: negative exponentialdistribution

tion of the radiationenergy in the pulse.The solid curve in Fig. 6 representsthe
negative exponentialdistribution (1). It is seenthat thereis goodagreementbe-
tweenexperimentalandtheoreticalresults.
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