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The BESSY"FEL Project
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*BESSY, Albert-Einstein-Strale 15, D-12489 Berlin, Germany
®DESY Hamburg, Notkestralie 85, D-22607 Hamburg, Germany

“UCLA, Particle Beam Physics Lab, CA 90095, USA
IMax-Born-Institut, Max-Born-Stralte 2A, D-12489 Berlin, Germany

Abstract

BESSY plansto construct a linac-based single-pass FEL as an addition to its exigting 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 spectra range (0.01 < hw < 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-Ingtitute (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, waveength-tunability, syn-
chronization with external laser sources and, on alonger 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

1. Introduction

The Berliner Elektronenspeicherring-Gesellschaft fur
Synchrotronstrahlung (BESSY) operates storage-ring
based synchrotron light-source since 1981. BESSY ||
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 |1, 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 = A = 1.2 nm) with a peak-brilliance
of (at least) 10* photons'sec/mm?/mrad?/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 |l 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-
m? 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 coallaboration [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. Thelatter in combination with a set
of bunch-compressors ensure sufficient peak-current to
sustain the SASE process at the desired wavelength.

TESLA linac module i
BESSY " ?

—t
0 20 40 60 80 100m

iyttt - Detailed view
—me==t=t-  Undulator layout

3" ham.
linac module
,,,,,,,,,,,,,,,,,,,,,,,, e
ﬂ@_\bear’pdump’ ‘ %%2 o IEIEI 3rfh ~ gun
< o-{IlHee-oi < [Desed o] [-essc  CessCTHELTHEN
FEL  undulator m04-12 m02-04 mo1

output

Fig. 1. Top: View to the BESSY site a 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 3 harmonic cavity for efficient bunch-
compression in bcl and bc2. Twelve modules boost the e ectron
beam to sufficient energy for lasing at ico=1keV.

Y Funded by the Bundesministerium fur Bildung, Wissenschaft, Forschung und Technologie (BMBF), the Land Berlin and the Zukunftsfonds des

Landes Berlin.



In the first phase of the project, three undulators will
be fed with an electron beam extracted from thelinac 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 €V to 1 keV.

~——— undulator: 20 - 50 m ——
IR | A | APTOARD | AT | (RN | (D | A | R | AT | | A | T A | T AT | AT
iiviifiviiii) MMM‘MM‘MMMMMMMM
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}u—iz.sm—u}

rl“‘

G000
drift e

~2.0m

e A shift
T L7

(polarization change)
)

Fig. 2. Design concept for a combination of a planar and an
APPLE |l type variable-gap undulator based on the insertion
device technology presently instdled in BESSY 1l [3]. The drift
spaces between undul ator-sections are used to focus the eectron
beam, phase matching and diagnostics.

To achieve saturation undulators of up to 50 m in
length are needed. For economical and technica reasons,
the device will be split into individual undulator-sections
of approximately 2m 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 heical undulators, based on the APPLE 1l de-
sign, are being used extensively at BESSY Il and a long
years experience in the design and construction exists [3].
Using APPLE Il devices at the end gives the advantage of
generating circular-polarized light (seefig. 2).
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Fig. 3. GENESIS 1.3 [4] calculation for the shortest wavelength
target of the BESSY FEL for a50-m long planar undulator (A, =
2.75 cm) and dectron beam parameters according to tab. 1. (a)
The time-resolved- and (b) the spectra resolved distribution.
The dashed curve represents a Gaussian fit of the distribution.

3. Peak Performance

The eectron beam properties defining the SASE FEL
process are summarized in tab. 1. The main chalenge is

the peak current of 5 kA, needed to sustain the SASE pro-
cess at the shortest possible wavel ength. These values are
obtained by magnetic compression of a ¢; =6 ps long
bunch emerging from the gun, see fig. 1. For longer
waveength, 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 (haw=1keV) for a 50-m long planer undulator as
shown in fig. 2 is presented in fig. 3. The spiking in both
the tempord and spectral domain as shown istypical for a
short-wavelength SASE FEL [5]. Note that the SASE
process shortens the micro-pulse duration as compared to
the eectron bunch length (g = 85fs).

Tab. 1. Electron beam parameters.

Beam Energy E 0.70—-225 | Gev
Bunch Charge Q 10| nC
Bunch Length a 265-85 | fs
Peak Current | 15-50 | kA
Norm. Emittance & 15 | mmm mrad
Energy spread O 05-20 | MeV
photon energy (keV) photon energy (keV)
0.01 0.1 1 1E-3 0.01 0.1 1 10
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E ---7 a TES\L}AFEL]
’_?; I BESSY FEL — 1f| o BESSYFEL N;
R10° b .- p P LCLS
ps .- TTFFEL ir TTF 410
%q@ F 1f : B
SS107 | 1F N 3 =
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=]
f L L . . . " 10
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wavel1e(r)19th (nm)
Fig. 4. Peak brilliance (left) and peak-power (right) vs. wave-
length compared to BESSY Il 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
andytical 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-dimensiona numerical
simulations [4], eg., 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 2cw= 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
wave ength tuning by a user is somewhat decoupled from



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 dow wavel ength scans with a duration of
minutes ore more can be achieved by undulator gap
changes. Fagt 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 periodsis 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

operationa 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 nsintrains 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 Il revolutiontime, i.e., every nx800 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 devel opmenta steps

the solutions 1) and 2) because there is a considerable

flexibility in the bunch to bunch spacing to talor the
bunch patterns for the needs of the users. Furthermore,

the improvement in gability 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 eectron 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, seetab. 2.

rfin linac

micropulse

rfin linac

@

nB0O0 ns (single pulse)

100 ns

rf pulse in linac
macropulse

G ) \/ / \

100 ms
10 Hz 10-7000s

Fig. 6. Possble timing patterns for the BESSY FEL for the 3
different scenarios. Seetext 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 isimpressive. In the case scenario 2) gets
implemented the curves in fig. 7 are still expected to in-
crease by three orders of magnitude.

photon energy (keV) photon energy (keV)
0.1 .01 0.1

0.01 1
T T T
TESLA FEL .
10 k T4k seeded 4107
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2 102k 3 410" %
= o
3
o= 3 4{10°® |
28 107 ¢ g
S . g
L3 7 %
e *~_BESSY FEL {107 5
E:;AE 107 cw Ey
8§ L (25x1 kHz) 410" g’
1% 0 L F Q
4 10% ) @
5% L] \15
< 2 "monochroﬁs?gr“l?gns.nefﬁciency 110 8,
S 400 L ]
B 10 /-\UM L 110 g
s e BESSY Il "
10" | BESsY u49 A
I=200mA Uess ] [ ] 10 2
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wavelength (nm) wavelength (nm)
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™. 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 isonly 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 accderator for the relatively low repetition
rates as with scenario 2. Also the development of a CW
injector with sufficient el ectron beam quality still needsto
be investigated in more detail.



Tab. 2. Main parameters for the proposed BESSY -FEL for the three different scenarios described in Sec. 4.

CWy (1) CWsg_ (2) Pulsed (3)
Bunch spacing T 107 -10° n x8x10" 107 | s
Macro-pul se duration T 8.5 - 720 | us
Micro-pulse duration (e-beam) a 200 (85) 2000 (85) 200(85) | fs
Number of bunches N 1-2510° 1.2510°/n 72000 | Us
Photon energy range hw 0.01-1 0.02-1 0.01-1 | keVv
Number of photons/pulse N 1.310" 1.310" 1.310"
Peak brilliance * B, 7 7 7| 10*”
Average brilliance Ba 0.9 45/n 2 | 100%™
Average flux # b, 3.2107 1.610%/n 9.410Y | phis
Average beam current la 1-25 1250/n 72| pA
Maximum accel erating gradient G 15 15 20 | MV/m
M aximum beam-energy E 2.25 2.25 25% | Gev
Maximum average beam-loading Py 56 *2810/n 180 | kw
Cryogenic loss @ 2K P. 35 35 0.8 | kW
Undulator period A 2.75 2.75 35| cm
Undulator length Ly 50 50 55| m
Tuning range AAIA 30 30 100 | %

" Sub-harmonic of the BESSY |1 roundtrip time " Photonen/sec/mm?/mrad/0.1% bw

# at hw=1keV

5. Enhancements

Feedback from potentia 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 optica pulses down to the g; < 20 fsrange.

» animprovement of the spectral purity.

The last aspect is anticipated to have a clear solution

where atwo-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 fsisthe
goa of ajoint 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]. Especidly the DESY proposal, which involves pulse
dicing with the aid of avisible 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.
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Development of a TV diagnostics system for the Photo Injector Test

facility at DESY Zeuthen

J.Bshr,*> K.Fl6ttmann® , F.Stephan?®

2DESY Zeuthen, Platanenallee 6, 15738 Zeuthen, Germany

PDESY Hamburg, Notkestrasse 85, 22607 Hamburg, Germany

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 profile at different 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-field problem will be given.
The optical system will be optimized concerning different effects on optical resolution as diffraction, depth of field,
pixel size of the camera and effects of different 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-
versitdt (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 flexible 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 profile 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 specified.
The light distribution created by a YAG screen is
to be projected by lenses at different magnifica-
tions onto the camera sensor. The range of mag-
nification is defined between an overview over the
whole screen (magnification 0.24) and a “micro-
scopic” view (magnification 10) where a resolu-
tion of < 10 um should be reached. It is aimed
to reach a resolution of the order of 1um for
analysing the pattern behind the EMSY system.
Consequently, the object field is restricted in the
operation mode of high resolution. The measure-
ment of magnification 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 90° scheme using one
mirror. A schematic of the system is shown in



Fig. 1. The video signal is read out and analysed

eeeeee

side view view from above

Figure 1. Schematic of the setup optical System
of the TV—System.

by a computer based framegrabber (BESSY) over
a distance of about 40 m. 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 x 582 pixels. The pixel dimensions
are 8.3 um x 8.3 um . 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-field problem which arises be-
cause of the 45° 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 different influ-
ences on resolution are under investigation. In
Fig. 2 the influence of diffraction, depth of field,
lens resolution and camera resolution are plot-
ted to evaluate the process for different param-

eters of imaging. In this example the depth of

Resolution coused by dapth of field Jans ond diffraction

depth O.1mm

diffraction

Comera ot
magrific. 1

Figure 2. Influence of several effects on optical
resolution

field 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 magnification in the
field. In the case of small defocusing one can find
the optimum of the combined effects of defocusing
and diffraction 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 magnification,
which leads to a smaller object field. Obviously,
one can match f-number and magnification such,
that the resolution of the lens remains the limiting
factor. Hereby, the solution of the depth-of-field
problem is assumed.
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Studiesof the collimation systemfor the TTF FEL at
DESY

V. Balandin,N. GolubevaandM. Korfer
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Abstract

A collimation schemefor the protectionof the undulatorsat the TESLA TestFacility
phase2 (TTF2) is discussedThe transerseand enegy collimation, andthe protection
againstoff-enegy and mis-steeredunchesare proposedn a beamline which, besides
of collimation elementsjntegratesthe fastfeedbacksystemand matcheghe beamto the
undulatorentrance.

Key words. Beamdynamicscollimators,aperturesfreeelectronlaser
PACS. 41.75.i, 42.79.A9,41.60.Cr

1 Intr oduction

Theexperienceof the TTF phasd indicatesthata protectionsystemfor the undulatoris desir
able[1]. In this paperstudiesof the collimation systemfor the TTF phase2 [2] arepresented
anddiscussed.

Dueto limitations of availablespacsit is proposedo placethe TTF2 collimationsystemin the

beamline with adogley of ~ 20 m length(Figurel), which, besideghe collimationelements,
hasto containthefastfeedbacksystemandto matchthe beamto the undulatorentrancg2]. So

it wasimpossibleto usetheadwantage®f thepopularspoilerabsorbeschemeandhaving only

alimited numberof availablefreepositionsall proposedollimatorsareconsidereagsprimary

collimators.Enegy collimationandpassve protectionagainsiff-enegy bunchesareachiesed

in the dogley with horizontaldispersion.
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Fig. 1. Opticalfunctionsof the TTF2 collimatorsection.

2 Protectionagainstprimary particles

In the first stepof our studieswe have usedthe "black absorber’'modelfor the collimators-
ary particletouchingthemis consideredost. The purposewasto find the collimatorlocations
andto determinethe setof aperturesvhich will stopall particleswhich canhit the undulators
without touchingthe collimators(protectingapertures)lt is clearthatonly suchaperturesan
be the subjectof further studieswhich will take into accountsecondaryparticlesand those
rescatterednto the beam.Becauseof two strongsextupoleswhich whereusedin the dogleg
for the correctionof the secondorderdispersionjt wasnot possibleto limit the calculations
to linear opticsonly. In additionit wasdesirableto avoid uncontrolledlossesof the primary
particleson the beampipein the collimationsection.

It is not possibleto describeéhewhole setof protectingaperturesonstructvely. Howeverif we
restrictoursehesto practically valuableapertureqfor example,with elliptical or rectangular
shape)jt canbe achieved. After choosingfor eachcollimatorthetotally orderedscaleof aper
tures(seedetailsin [3]), the distribution of the particlescominginto the collimation section,
andthe particletrackingalgorithm,it becomegossibleto mapthe setof protectingapertures



into a simply connectedsubsein the finite dimensionakpace A specialnumericalprocedure
hasbeendevelopedwhich allows usto find the bordersof this subsetandthento make some
additionaloptimizationwithin this subsetjf necessary

In this studywe have usedcircular holesas aperturesthe requiremento maximizethe min-
imum collimator radiusis an additional optimization criteria, and as particle tracking algo-
rithm the symplectichnumericalintegrationof the exactHamiltonianequationf motionin the
SCOFFapproximationwas used(thus all geometricaland chromaticaberrationsvere 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,and so on) the initial distribution was modeledby 4-dimensionaklices
(z, ps, Y, py), With a trans\erseextent over the radius of the vacuumchamberat the colli-
mationsectionentrance(the maximumvaluesfor momentuny, andp, werechosensoasto
fully populatethe acceptancef the transportline), andwith the samevalue of enegy devi-
ation AE/E, for all particlesin eachslice (monochromaticAE/ E, - fractions).The above
mentionedoptimizationprocedurevasperformedfor eachslice separatelyandthe resultsare
presentecsa functionof theenepgy deviation.

Figure2 shows the resultingmaximizedminimal apertureradiusin the enegy deviation range
of =50% < AE/E, < +25%. Thecollimationschemeconsideredncludes4 collimators,2
collimatorsin thefirst straightpartof thecollimationsectionand2 collimatorsin thedogleg (see
Figurel). Theminimumvalueof ~ 2 mm, seenn Figure2, meanghatatleastonecollimator
muststaywithin suchapertureradius.With carefuladditionaloptimizationit wasshavn that3
collimatorsmustkeepthis valueasaperturaadius,andtheradiusof thefirst enegy collimator

(placedjust afterthefirst dipole magnein thedogley) canbe safelyincreasedo 6 mm.

Notethatthe maximizedminimal apertureadiuscanbeincreasedip to ~ 3.2 mm by shifting
oneof thetwo first collimatorsplacedin the straightsectionbeforethe dogleg into the straight
sectionafter the dogley (this wasthe first schemeconsidered)But in this casewe will have
uncontrollediossesof primary particleson the beampipe betweenrnthe collimators,which can
leadto beampipedamagef thebeamis off-enegy or (and)mis-steeredn orderto avoid these

lossesoneneeddo reducethe apertureadiusof two enegy collimatorsto ~ 1mm.
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Fig. 2. Maximized minimal apertureradiusasa function of the enegy deviation. Dashedcure: there
areno uncontrolledlosseson the beampipein the full collimation section.The straightline shaws the
undulatoraperture.

3 Additional tracking studieswith primary particles

After fixing theapertureradii (6 mm for thefirst enegy collimatorand2 mm for theremaining
collimators)the collimatorswere taperedon both sidesto reducethe wakefield effects (the
lengthof eachcollimatorincludingtaperss choserto be 50 cm) [4].

Additionaltrackingsimulationsjmportantfor furtherevaluationof collimationefficiencgy, were
performedwith taperedcollimatorsto study:how lost primaryparticlesaredistributedbetween
the four collimatorsandalongthe collimatorlength;to find the maximumandaverageangles
at which primary particlesheatthe collimator surface;and which monochromaticAE/ E, -
fractionsof incomingparticleswill bestoppedy the collimationsystemcompletely As anex-
ample Figure3 shavsthelossdistribution of primaryparticlesonthesecondenegy collimator.
We seethat mostof the capturedparticlesareinterceptedy the facesurfaceandthe entrance
taper andonly lessthan1% of all particlesabsorbedy this collimator hit the inner surface,
whichis parallelto the beamline axis (the mainpartof the collimator).

10



File: "ce2-3.dat", Time: Mon Aug 06 11:25:21 2001

04

Fig. 3. Lossdistribution of primary particlesalongthe collimatorlengthonthesecondenegy collimator
asafunctionof theenegy deviation. Losseson thefacesurface the entrancaaper andthe mainpart of
thetaperedcollimatorareseen.

4 Choiceof collimator material

The propertiesof copperandtitanium as possiblecandidategor the collimator materialhave
beeninvestigatecandcomparedBoth the survival of the materialin theemegengy casewhen
afew designbunchesof thetrain candirectly hit the collimator, andthe heatloadundernormal
operatingconditions,whenonly the beamhalois interceptedy the collimators,wereconsid-
ered.Herewe list briefly the maindirectionsof thosestudies all detailscanbefoundin [3].

For the study of the survival of collimator materialin the emegeng casethe directimpacts
of designbuncheson the collimatorswere simulatedusing the EGS4code[5]. The enegy-
densitydepositionin both materialsasa function of longitudinalandtrans\ersepositionshas
beencalculatedor all possibldocationsof collimatorsin thebeamline, takinginto accounthe
changingbeamspotsizewith enegy andtherelative enegy spreadwithin thebunch(whichis
importantfor collimatorsplacedin the dispersve sectionof the beamline). In both materials
in the enegy rangeof 0.3 — 1.0 GeV the maximumenegy-densitydepositionoccursin the

11



first few millimiters from the materialsurface.The thermalandstressanalysedave beenper
formedwhich have shavn thatthe main problemof materialsurvival comesfrom the enegy
collimators,becausehey arelocatedin thedogley, wherethe betatronfunctionsaresmall.

Undernormal operatingconditionsthe distribution of temperaturen the collimator hasbeen
obtainedasa solution of the heatconductionequationfor stationaryand nonstationarycases
assumingthat the outer collimator surfaceis cooledby circulatingwater and ~ 2% of the

averagepower, thatis aboutl.5 kW, is absorbedy a singlecollimator.

As theresult,we have chosencopperfor the collimatorabsorbershecause coppercollima-
tor givesus betterthermalbehaiour andbettercollimation efficiency undernormaloperating
conditionsthana titaniumone.To improve survival, thefirst few centimetreof the collimator

couldbe madefrom titanium.

5 Secondaryparticles and rough estimation of collimation efficiency

To studythe effect of secondaryandrescatteregbarticles,we have useda combinationof the

TrackFMN [6] andthe EGS4[5] programsso that, betweencollimators,particles(electrons,
positronsand photons)were transportedusingthe TrackFMN code,and the passagehrough
thebeamline sectionsontainingtaperedcoppercollimatorswassimulatedwith EGS4Monte-

Carlo code.Figure 4 shovs an exampleof suchsimulationswhen 10 electronshit the inner
surfaceof the collimator. One seesthe rescatteregbarticles,the secondaryparticlesproduced
(bothwill be thenpicked up by TrackFMN codeandtracked further throughthe beamline),

andthe developmeniof the electromagnetishaverin the collimator material.

For the estimationof the collimation efficiengy, the collimatorshave beenhit by pencilbeams
at different points on the surfaceat angleswhich are possiblefor eachcollimator andwhich
werecalculatedn the blackabsorbemodel. The resultingrescatteredindsecondanparticles
werethentrackedfurtherthroughthe downstreanmbeamline andthe undulatoraccordingo the
above describedbrocedure Thesestudieshave shovn that the main problemis the scattered
electronsfrom the secondenegy collimator after which thereare no more collimators. The
problemsstartwhenparticleshit theinnersurfaceof themainpartof this collimatorwith small
entranceangles.In the worst casethe scatterecelectrongransmit~ 20% of the input enengy,

12
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Fig. 4. Scatteringproductionof secondaryarticles,anddevelopmentof the electromagnetishaver in
the coppercollimator

but only ~ 1% of theinputenengy is recordedo belostin theundulator

The accurateestimationof the collimation efficiency requiresthe knowledgeof the beamhalo
distributionandthefollowing corvolution of this distributionwith theresultsof thepencilbeam
investigationgin the spirit of [7]). How canwe estimatethe collimation efficiency without a
knowledgeof the beamhalo distribution?We canassumehat1% of the beamparticleshit the
last collimator, so,takinginto accounthatonly lessthan1% of thosepatrticlesreachtheinner
surfaceof themainpartof thatcollimator, we mayconcludethataroutinecollimationefficiency
(definedastheratio of enegy depositedn the undulatorto total beamenegy) will notexceed
~ 1076,
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Photolnjector TestFacility in the Commissioning?haseat DESY Zeuthert
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aDESY, Platanenalleé, 15738ZeuthenGermaly
PDESY, Notkestr85,22603Hamhurg, Germary

A photoinjector testfacility is in the commissioningphaseat DESY Zeuthenwithin a cooperationof BESSY DESY,
MBI and TU-Darmstadt. The aim is to develop and operatean optimizedphotoinjector for future free electronlasersand
linear acceleratorsvhich requireextraordinarybeamproperties. The scientificgoals,the plannedandexisting hardware and
the developmentsfor the photoinjector facility are briefly described. First operationof the rf gun is expectedfor autumn
2001. Even highergradientsareaimedfor in Zeuthenthanachiezed todayin similar rf guns,sothatin the nearfuture more
conditioningwork of therf gunneedgo bedone.Theeffectswhichmighthapperduringconditioningbasedntheexperiences
gainedsofarin Hamhurg (atthe FEL andthe FNAL guns)arebriefly describedInformationaboutdiagnosticelementsat the
rf gunandtherequirementdgor a simplificationof the upcomingconditioningwork aregiven.

1. Introduction

A photoinjectortestfacility is in the commission-
ing phaseat DESY Zeuthenn orderto optimizeinjec-
torsfor differentapplicationdik e freeelectronlasers,
productionof flat beamdor linearcollidersandpolar
ized electronsourceq1]. The experimentalsetupin
the startup phases shavn in Fig. 1. A primary goal
is the stableproductionof shortelectronbuncheg(x
20ps)with atranswerseemittanceof ~ 1 mm mrad
at1nC anda smallenepgy spread.We expectto pro-
ducefirst photoelectronsvith enegiesup to 5MeV
in autumn2001.
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Figurel. Thepresentlectronbeamlinecorrespondingo
atotal lengthof ~ 5m. The electronbeamis accelerated
from right to left.

*Theprojectis partially fundedby the HGF Vernetzungsfond.
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2. Plans

Measurement®f the transwerseand longitudinal
phasespacewill allow adetailedcomparisorbetween
experimentalresultsand simulationsafter the com-
missioningof the facility. The integratedoptimiza-
tion of all componentsf the photoinjector is also
foreseen especiallyfor the subsequenbperationat
the TESLA TestFacility - FreeElectronLaser(TTF-
FEL). Presentlywe work onthedevelopmentandim-
provementof beamdiagnosticq2,3], andon the de-
velopmentof an automaticconditioningprogramfor
rf guns[4].

3. Conditioning of the cavity

Conditioningof a normalconductingcavity is the
successie increaseof rf power in the cavity in or-
derto achieve high gradients.It is atime consuming
and boring work. To increasethe efficiengy andto
protectthe rf gunit is plannedto develop an Auto-
matic ConditioningProgram(ACP).Theaimis to get
evenhighergradienty> 35 MV/m) in therf gunthan
achievedtodayin similar normalconductingcavities.

3.1. Which effects could happen?

A fundamentaprocessn a high gradientcavity is
field emissionof electronsfrom protrusionson the
surface. Electronswhich hit the cavity with some



keV canproducesecondarglectronslf thetrajectory
of thosesecondarieterminatescloseto the emission
side of the primary electrona resonanphenomenom
canappearcalled multipacting. A differenteffect is
a sparkwhich is accompanietby a stronglight emis-
sion, a strongreflectedpower signalandanincrease
of the vacuumpressureProbablyit canbe explained
by an exponantiallyincreasingemissionof electrons
from a protrusiondueto field emissionandthe heat-
ing of the protrusion. All theseeffects guideto an
increaseof vacuumpressurandcandestry cathode,
cavity, rf window or rf coupler The detailsof these
processesrenot well understood.For exampledur-
ing conditiongof the rf gunat TTF it hasbeenob-
senedthattheprobabilityfor aneventwhich happens
in the beginning of an rf pulseis influencedby the
lengthof thepreviousrf pulse.lt seemgo beamem-
ory effect of the cavity with respectto the rf pulse
structure.

3.2. Automatic Conditioning Program

TheACPhasto controltherf powerandto reactap-
propriatelyoninterlocksignals.Severaldetectorsare
installedcloseto the rf coupler rf window and cav-
ity. Fastsignalsfrom photomultipliersnterrupttherf
power within an rf pulseso that the conditionioning
canbe continuedwith the next rf pulse. Slow signals
from temperatureor vacuumpressuresensorsnter-
rupt the conditioningto offer a recovering time for
therf gun. The ACP works on therf power P. The
gradientE canbe obtainedby therelation E2 o P.
After resettinganinterlockthe programincreaseshe
power rapidly. To conditionmultipactingeffectsthe
programcan sweepthe solenoidalfield additionally
Within the dangerougpower region the power is in-
creasedslowly until the alarm thresholdis reached
just below the level at which the interlock occured.
Thepower couldbeturneddown by asignificantstep
and than slowly increasedagainfor a while to im-
provethevacuum(seeFig. 2). Thenthealarmthresh-
oldisincreased.

3.3. Data acquisition and analysis

During the conditioningprocesof the cavity slow
and fast signals will be read out, so that a huge
amountof datawill grow up. Reasonablselections
of recordeddataandanalysisprogramsarerequired.
A solutionis offeredwith ROOT which is an object

orienteddatabasefor large scaledataanalysisdevel-

opedat CERN. Rootis basedon C++ andoffersalso
capabilitesfor datacompressiorand analysisduring

standardoperation,especiallyfor a useat TTF-FEL

at a later date. However, presentlya deeperanalysis
of the ACP datawill berealizedby aneventrecorder
readingout the fastsignalsjust in caseof significant
datacontent.
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Figure2. Sketchof rf power controlof the ACP
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Abstract

A new designfor multistageHigh-GainHarmonicGeneratiofHGHG) schemes pro-
posedThemaindifferencewith previousHGHG schemess thatin ourschemaéhe HGHG
techniquecanbe appliedmorethanoncein aHGHG chain(singlebunchscheme)Thisis
consequencef the factthatthe growth of the enegy spreaddueto the HGHG processn
our caseis muchlessthaninitial enegy spreadandexponentialgrowth ratein the main
undulatoris practically the sameas without stagesequenceProblemsrelatingto X-ray
HGHG FEL arediscussedOur studieshave shavn thatthe frequeng multiplication pro-
cessproducesa noisedegradationproportionalto at leastthe squareof the multiplication
ratio. This preventsoperationof HGHG FEL atavery shortwavelengthrange.Theresults
presentedn this paperhave demonstratethatthe HGHG FEL approacthis quite adequate
for theVUV coherensourceput not scalableo X-ray devices.

1 Introduction

Theimprovementof thelongitudinalcoherencef the X-ray SASEFEL is of greatpractical
importance At presenttwo ways to overcomethis problemare underdevelopment.One of
themis basedon an ideato usea self-seedingscheme[1,2]. Another approachto produce
completelycoherentradiationconsistsin utilizing a high-gainharmonicgeneratiofHGHG)
FEL schemeln the HGHG FEL the radiationoutputis derived from a coherentsubharmonic
seedpulse.Consequentlythe optical propertiesof the HGHG FEL areexpectedio beamapof
thecharacteristicsf thehigh-qualityseedaser This hasthe benefitof providing radiationwith
a high degreeof stability and control of the centralwavelength,bandwidthenegy and pulse
durationwhich is absentfrom the SASE FEL source[3—7]. An ideaof usingtwo undulators,
with the secondundulatorresonanto oneof the harmonicsof thefirst one,hasbeenproposed
in [3]. The next stepin this directionwastakenin [4], wheredispersionsectionis introduced
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Fig. 1. SinglebunchHGHG FEL schemeproposedn this paper

betweerthetwo undulatorsRecentlyanapproachutilizing aHGHG schemewhichis capable
of producinglongitudinally coherenpulseswasdemonstratedxperimentally[8,9].

To generateshortwavelengthsve have to go to a high harmonicnumber In orderto obtain
an efficient coherentharmonicgenerationthe enegy modulationd E, introducedby the mod-
ulator, needsto be larger thanthe initial enegy spreadoy the factorof harmonicnumberN.
Therefore for very high harmonicsthe enegy modulationbecomewery large andthis makes
the exponentialgrowth gain lengthtoo large. This problemcan be solved with a multistage
HGHG schemd10]. A simple solutionto solve the enegy spreadproblem,which hasbeen
proposedn [10], is to usefreshelectronbunchesn eachstage.Oncethe coherentharmonic
generatiorprocessn thefirst stages over, theresultingradiationat frequeng 4 w is guidedto
the next amplifier/radiatorunit for interactionwith a freshelectronbunch.Following the sec-
ondstagetheradiationatfrequeng 16 w entershethird stage Lik e thesecondstagethethird
stagemakesuseof freshelectronbunchesegtc. Theresultsof thesestudiesareconsideredrery
promisingbecausehey indicatethatthe HGHG FEL techniquecould allow the productionof
fully cohereniX-rays[10].

In this paperwe proposeanideafor a single-tunch, multistageHGHG FEL scheme(see
Fig, 1). Eachstage(exceptthefirst stage)consistsof a radiatorundulator first dispersiorsec-
tion (demodulator)FEL amplifierundulatorandend-stagelispersiorsection(modulator).The
proposedchemeperatesasfollows. Thefirst stages a corventionalFEL amplifierseededy
an externallaser The seedlaserpulseis timed to overlapwith the electronbunch. This laser
pulseinteractswith the electronbeamin thefirst undulator whichis tunedto beresonanto the
seedradiationwavelength.Theundulatoris followedby a dispersiorsectionto increasespatial
bunching.In contrasto usualthe HGHG approach4], in our schemeahedensitymodulationat
thefundamentafrequeng attheexit of thedispersiorsectionis aboutl0%only. Nevertheless,
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at the chosenparametersthe amplitudeof the secondharmonicof the densitymodulationis
highenoughaboutl1%, anddominatesignificantlyoverthe amplitudeof shotnoiseharmonics
(about0.01%). This modulationdensitysenesasaninput signalfor the secondstagewhichis
resonanto the seconcharmonic An importantfeatureof our designis thata very smallenegy
modulationis sufficient to producel0% microbunchingin the dispersiorsection.In particulay
theamplitudeof theenegy modulations £ canbe muchsmallerthanthe natural(local) enegy
spreadn theelectronrbeamA E;,,. Theanalysisof theparametersf thesubharmonicallgeeded
FEL hasshawvn thatit will operatereliably evenfor anenegy modulationamplitudeequalto
0E = 0.25AFE;, (seeSec.2for moredetails).

Figure 1 illustrateshow the soft X-ray wavelengthrangemay be reachedby successie
multiplication (w — 2w — 4w — 8w — 16w — 32w) in a stagesequencekollowing the
first stage(FEL amplifier undulatorand dispersionsection)the electronbeamand the seed
radiationentera shortundulator(radiator)which is resonantwith the secondharmonicof the
seedadiation.In theradiatortheseedadiationplaysnorole andis diffractedout of theelectron
beamwhile thebunchedbeamgeneratesadiationwith frequeng 2w. At theexit of theradiator
undulatorthe radiation power exceedssignificantly the effective power of shot noise. After
leaving theradiatortheelectronbeamis guidedthroughadispersiorsection(demodulator)The
functionof this dispersiorsectionconsistan suppressinghe densityandenegy modulationof
theelectronbunchproducedn thefirst stage.Theproblemof suppressinghe beammodulation
canbesolvedquitenaturallydueto thepresencef thelocalenegy spreadn theelectronbeam.
After passingthe dispersionsection,the demodulatectlectronbeamentersthe FEL amplifier
andamplifiesin exponentialregime the radiationwith frequeng 2w producedby the radiator
undulator The lengthof the FEL amplifier undulatoris chosenin sucha way thatthe enegy
modulationat the undulatorexit hasthe samevalueof §F = 0.25AF;, asat the exit of the
first stage.This enegy modulationis then corvertedto spatialbunchingwhile the electron
beamtraverseshe end-stagelispersiorsection(modulator).The valuesof the 2ndandthe 4th
harmonicsof densitymodulationat the secondstageexit areabout10% and1%, respectiely.
Thesevaluesare approximatelythe sameas the amplitudesof the 1st and 2nd harmonicsat
first stageexit. Following the secondstagethe beamentersthe third stagewhich is resonant
with 4th harmonicof the seedradiation,etc.Finally, afterthe 5th stagethe electronbeamenters
main undulatorwhich is resonanto the 32th harmonicof the seedradiation. The processof
amplificationin the mainundulatorstartsfrom the modulationof the beamdensity By thetime
the beamis overbunchedin the main undulator the 32w radiationreachesaturationIn order
to reachsaturationthe main undulatorshouldbe sufficient long. An importantfeatureof the
proposedschemes thatthe enegy modulation(i.e. correlatedenegy spread)inducedin the
nth stage,transformsto local (i.e. uncorrelatedenegy spreadin the (n + 1)th stage.As a
result, the dispersionof the electronenegy distribution at the exit of the multistagescheme
is calculatedasthe sumof induceddispersionsThe small enegy perturbationof the electron
beamis oneof theadvantage®f theadoptedsubharmonicallgeededFEL design Forinstance,

the total enegy spreadgeneratedo the endof the 5th stage canbe estimatedas/((AE)?) ~
\/(AEin)Q +5x%x0.5x (0FE)? ~ 1.07TAE;, for §E = 0.25AE;, which doesnot differ much
from the numberobtainedfrom numericalsimulations(seeSec.5 for more details).Sucha
smalldegradationof the enegy spreadallows effective generatiorof powerful radiationin the
mainundulator

Up to now operationof HGHG scheme$iasbeenanalyzedwithin the framework of ideal-
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izedmodelswhich do nottake into accounshotnoiseeffects[4—7]. Theresultsof thesestudies
werevery promisingandallowedtheauthorso maketheconclusiorthatHGHG FEL technique
would allow to reachthe X-ray wavelengthrangestartingfrom visible light. In this paperwe
take into accountshotnoisein the electronbeam.It hasbeenfound that a generaldisadan-
tageof HGHG FEL schemegaswell asary frequeng multiplicationscheme)s dueto strong
noisedegradationof the propertiesof outputradiationwith increasingharmonicnumberN. In
the caseof HGHG FEL this meanghatthe effect of frequeng multiplicationby afactorof NV
resultsin multiplication of the ratio of noisepower to carrierby a factorof N2. This prevents
successfubperatiorof HGHG FEL atvery shortwavelengthsOn thebasisof our studywe can
make the definiteconclusionthatthe applicability region of the HGHG schemas significantly
narraver thanclaimedbefore.Theresultspresentedn this paperdemonstratéhatthe HGHG
schemas quiteadequatéor the 10-100nm coherentight source put cannotbeusedto produce
hardX-rays. It is explicitly shavn thatnoisedegradationpreventsoperatiorHGHG multistage
schemeat Angstromwavelengthrange.

2 General description of subharmonically seeded multistage HGHG FEL

Thelayoutof thesubharmonicallgeededrEL is shavn schematicallyn Fig. 1. Facility for
productionof fully coherentoft X-ray pulsesconsistsof a seedaser five stageof frequengy
doublingandmainundulator Thefirst stageof frequeng doubling(260— 130nm) consistsof
FEL amplifierundulator anddispersiorsectionfor the beamdensitymodulation.The scheme
operatesasfollows. The seedlaserpulseof 5 ps durationand 10 MW peakpower is timed
to overlapwith the electronbunch. This laserpulseinteractswith the electronbeamin the
first undulator whichis tunedto beresonanto seedradiationwavelength.Thetop of the seed
radiationpulseof 5 psdurationcanbe easilytunedto thearrival time of the shortelectronbunch
atthepredictedabsolutgitter of about+1 ps.Radiationpoweris exponentiallyamplifiedupon
passingthroughthe first undulator The amplitudeof enegy modulationof the electronbeam
at the undulatorexit is equalto 0.3 MeV, while the beamdensitymodulationis not suficient
to drive the secondstage.The requiredvalue of the beambunchingat the seconcharmonicof
about0.01is achiezed whenthe electronbeampasseshroughdispersionsection.In this case
the amplitudeof the secondharmonicof the densitymodulationdominatessignificantly over
the amplitudeof shotnoiseharmonic(of about0.01 %), andit senesasinput signalfor the
secondstage.

Optimal parameter®f the dispersionsectioncanbe calculatedn the following way. The
phasespacedistribution of the particlesin the first FEL amplifier is describedin terms of
the distribution function f(P, 1) written in "eneigy-phase’variablesP = F — E, andy =
kwz + wo(z/c — t), where Ej is the nominalenegy of the particle, k,, = 27/)\ is the un-
dulatorwavenumberandwy is the frequeny of the seedradiation.Before enteringthe first
undulator the electrondistribution is assumedo be Gaussiann enegy anduniformin phase
1. The presentstudy assumeshe densitymodulationat the end of first undulatorto be very
small comparedo the desiredvalue (10 %) andthereis an enegy modulationP, sin ¢y only.
After passinghroughthedispersiorsectionwith dispersiorstrengthd ¢/ d P, the electronof
phasey andenegy deviation P will cometo anew phasey + P d ¢/ d P. Theintegrationof
"enegy-phase’distribution over enegy providesthe beamdensitydistribution,andthe Fourier
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expansionof this functiongivesthe harmoniccomponent®f the densitymodulationcorverted
from theenegy modulation[4]:

_/ fPy)dP =1+ QEGXP [—%ng«AE)Z) <j—;/;>
X Jy, (nRﬁ—}i) cos(ny) . o

The Besselfunctionfactorrepresentshe microbunching.If its agumentis muchsmallerthan
unity, the microbunchingwould be reducedoroportionallyto its nth power. Hence,Py d ¢/ d P
must be comparableto a;, wherea; is the desirablevalue of first harmonicbunchingfac-
tor. The first exponentialfactorshavs thatthe enegy spreadsuppressesignificantly the mi-
crolunchingwhen AEd¢/d P ~ a1y/{(AE)?)/P, is larger or equalto unity. Hence,the
enegy modulationcanbesmallerthantheenepgy spreadn orderto have asmallfirst harmonic
componentga; < 1). Parametersn our caseare: /{((AE)?) ~ 1 MeV, Py ~ 0.25 MeV,
Pydy/dP ~ 0.16. Puttheseparametersn (1) we find the amplitudesof the first andthe
secondharmonicof densitymodulation:a; ~ 0.13, ay ~ 0.01.

Theabove consideratiorof the bunchingprocesshasbeentreatedwithin the framawvork of
asingleparticledynamictheory Oneshouldcarealsoaboutavoiding coherensynchrotrorra-
diation (CSR)effects.Theelectricfield of CSRinducesanenegy modulationalongthe bunch.
Calculationsof the correlatecenegy spreadgronth dueto CSRshaows thatthis shouldnotbea
limitation in our case(see[14] for moredetails).

Anotherharmful effect which mayinfluencethe operationof aHGHG schemas the space
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chage. Calculationsof the spacechage force in the beambunchedat 260 nm shaw thatthis
shouldbe a seriouslimitation in our case.The electricfield of the spacechage inducesthe
additionalenegy modulationat 260 nm wavelength.If we calculateplasmaoscillationalong
the HGHG schemethe spacechage inducedenegy modulationis predictedto be about0.5
MeV. Specificdesignof the secondstage's proposedor preparatiorof the electronbeamwith

therequiredenegy spreadn orderto overcomethe problemof plasmaoscillation. The design
configurationof the secondstageis shavn in Fig. 2. The stageconsistsof a shortundulator
(radiator),dispersiorsection(demodulator)high-gainFEL amplifierandend-stagelispersion
section(modulator).

Following thefirst stagethe beamandseedradiationentershortundulator(radiator)which
is resonantvith seconcharmonicof seedradiation(130nm). In theradiatorthe seedradiation
playsno role andis diffractedout of the electronbeam.However, a new 130 nm radiationis
generatedy the density-modulate@lectronbeamandrapidly reachesMW-level peakpower.
After theradiatorthe electronbeamis guidedthrougha dispersiorsection( magneticchicane)
andthe 130 nm radiationbeamentersthe grazingmirror system(seeFig. 2). The function of
this chicaneconsistsin suppressinghe 260 nm modulationof the electronbunch produced
in the first stage.The function of the mirror systemconsistsin makingthe pathlength of the
electronandtheradiationbeamto be equal.Thetrajectoryof the electronbeamin the chicane
hasthe shapeof anisoscelesrianglewith thebaseequalto L. Theangleadjacento thebasef,
is consideredo be small. The problemof suppressinghe beammodulationinducedin thefirst
stagecanbesolvedquite naturallydueto the presencef thelocalenegy spreadn theelectron
beam.Parameterén our caseare:f = 0.6°, L = 3 m, compactiorfactor Rss = L#* ~ 300um,

((AE)*)Rs6/Ep ~ 0.3um, A = 0.26um. This leadsto the suppressiomf the electronbeam
modulationby afactorexp(—20) (for Gaussiarenegy distribution).

Passingthe chicanethe demodulatectlectronbeamand seed130 nm radiationenterthe
FEL amplifier undulator Upon passingthroughthe FEL amplifier radiationis exponentially
amplified. This undulatoris long enoughto reach0.25MeV enegy modulationat the wave-
length of 130 nm. Sincethe densitymodulationat 130 nm is of about4 times smallerthan
requiredvalue (0.2), one shouldusedispersionsectionat the exit of the secondstage.After
passingsecondlispersiorsection theenegy modulationinducedin the beamby amplification
in the FEL amplifiertransformsnto the densitymodulation.

Following the secondstagethe beamenterghe third stage Lik e the secondstage the third
stagealsoconsistf theradiator(whichis resonanto the 4th harmonicof the seedradiation),
demodulatorFEL amplifierandmodulator Now 65 nm densitymodulationsenesasa seedor
thisradiator etc.Main undulatorresonanwith 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 spacechage effectsshow that they
are nggligible in the main undulator The electricfield of spacechage is proportionalto the
wavelengthof densitymodulation)\. As aresult,the amplitudeof enegy modulationat 16 nm
is muchlessthanenegy spreadandthereis no needto install specialchicanefor suppressing
thebeamdensitymodulationinducedin the5th stage Tablel lists someof thebasicparameters
of themagneticsystemof HGHG FEL.

In our proposalsoft X-ray pulsesare producedby the multistageHGHG technique Fre-
gueny multiplication canbe anessentiapulseshorteningmechanismSuccessie multiplica-
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Tablel

Parameter®f the magneticsystemof HGHG FEL scheme

Stagel Stage?2 Stage3 Staged Stages Main
256nm 128nm 64nm 32nm 16nm 8nm

Radiatorundulator

lengthof undulatoy 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

K-value 5.5 4 2.8 2
Demodulatorchicane

netmomentumcompactionmm 0.3 0.3 0.3 0.03

total chicandength,m 3 3 3 15

lenghof eachdipolemagnetm 0.25 0.25 0.25 0.25

bendangleof eachdipole,deg. 0.6 0.6 0.6 0.27

magnetidield for eachdipole, T 0.15 0.15 0.15 0.067
FEL amplifierundulator

lengthof undulatoy 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

K-value 6.8 55 4 2.8 2 1.26
Modulatorchicane

netmomentuncompactionym 18 7.5 35 15

total chicandength,m 1.5 1.5 1.5 1.5

lengthof eachdipolemagnetm 0.25 0.25 0.25 0.25

bendangleof eachdipole,deg. 0.2 0.13 0.09 0.06

magnetidield for eachdipole, T 0.05 0.033 0.023 0.015

tion to the Nth harmonicresultingin v/ N-fold compressiorof the Nth harmonicpulsedura-
tion. In ourcaseN = 32, andnumericalsimulationsshowv thatwe canobtain80 fs pulseatthe
wavelengthof 8 nm.

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

As for the HGHG FEL operatingin the shortwavelengthrange,its noise propertiesare
definedonly by the shotnoise.To describehenoiseoutputquantitatvely, we shoulddefinethe
quality criterionof the HGHG FEL. Onepossibledefinition canbe madeasfollows. A HGHG
FEL canbe characterizedyy a noisefactor F' that relatedthe input to outputsignalto noise
ratio:

F — (Ps/Pn)in

(Ps/Pn)out ’

whereP, and P, arethepower of signalandnoise respectiely. It is naturalto describaheinput
signalandnoisepower by theradiationpower of signalandnoiseatthefirst FEL amplifierexit.
As a rule, the first FEL amplifier hasgain of about10-20dB only which is insufficient for
transversemodeselection Neverthelessfor along last (main) undulatorthe only fundamental
TEM,, mode whichhasmaximalgain,shouldsurvive. Thatis why theinputnoisepower (P, )in
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shouldbetreatedasa contribution to fundamentatadiationmodeonly.

An intrinsic disadwantagein the shortwavelengthHGHG FEL is the enormousvalue of
noisefactor Thisis thedirecteffect of thefrequeng multiplication. Thedependencef anoise
factorcanbegivenasafunctionof afrequeng multiplicationfactor N. Successie multiplica-
tion to the Nth harmonicresultingin atleastN? - fold increasingpf the noisefactor

F>N? at wy— nwy— nnawg — - = Nuwy ,

asonecanexpectfrom simplephysicalconsideratiorfseebelow). This fundamentatesultis of
greatpracticalimportancepecause crucial conditionin HGHG FEL is thatthe outputsignal
to noiseratio (P;/ P,) ot mustbemademuchlargerthanunity, in orderfor the propertiesof the
outputradiationto bea mapof the characteristicef the high-qualityseedaser

Simple physicalconsideratiorcanleaddirectly to a crudeapproximationfor the value of
F. 1t shouldbe notedthatthe methodwhich canbeappliedto determingheoutputfield pertur
bationis independenbf a specifickind of HGHG technique This calculationdependsn the
frequeng multiplicationfactor N only. Thefield of amplifiedelectromagnetigvave in thefirst
FEL amplifiercanberepresenteds

Ey = Esexp(iwot) + Y_ ujexp(iwot + Aw;t) + C.C. | 2)
J

where E is the amplitudeof amplifiedseedsignal. The quantitiesu; exp(i wot + i Aw;t) rep-

resentthe (small) signal changesdue to the shot noise. Startingwith a field at fundamental
harmonicin the first stage(2) andomitting aninessentiatommonfactor we find for the field

in themainundulatoratfrequeny Nwy:

Ex = EsNei Nwot 4 NESN*lei(Nfl)th Z u]-eiwoteijt + C.C., (3)
J

wherewe have assumedhatattheendof eachstageheamplitudeof a higherharmonicdensity
modulationis small.lt is obvious,thisis thesituationthatis encountereth any HGHG scheme.
As we have seenin Sec.2, theamplitudeof the nth harmonicof the beamdensitymodulation,
an, 1S proportionalto the nth power of the field amplitudeat the fundamentafrequeng, i.e.
a, x (Ep)" ata, < 1. Thereforethefield amplitudeEy in themainundulatoris proportional
to Ey o< ay o< (E1)N. Whenderived(3), we alsorequiredthe outputsignalto noiseratioto be
muchlargerthanunity. Thesetwo assumptionarequitegenerabnddo notreducesignificantly
the practicalapplicability of the resultobtained.However, for simplicity presentedlerivation
is limited to the casewhereonly first FEL amplifier have significantcontribution to the noise
output.

In the frame of approximationsdiscussedabove the output signal to noiseratio can be
representeds

<(NESN—lei(N—1)wotZujeiwoteijt+C_C‘)2> ~ N2
J

Py

((ENeiNwot + (C.C.)%) 1 (Ps)
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wheresymbol(: - -} meanghe ensembleverageover bunchesThus,frequeng multiplication

by N degradeghe signal/noiseratio by V2. Herewe illustratedthe essentiakhotnoiseeffects

onthebasisof asimplemodel.Indeedthepresentlerivationassumeshotnoiseinfluencen the

2nd, 3rd andotherstagedo be neggligible comparedo the shotnoiseinfluencein the 1ststage.
Neverthelessthe problemof calculationof HGHG FEL noisefactoris morecomplicatedand

therearesituationswhere,for instance shotnoisein the secondstagecanprovide comparable
or evenlarger outputsignal perturbationthanshotnoisein thefirst stage As a result,we can

concludeonly thatin practicalsituationsnoisefactorsatisfiesnequality F' > N2.

4 Numerical study of the harmonic generation processin a multistage HGHG FEL

In this sectionwe analyzepossibilitiesof the HGHG FEL schemedescribedn the previ-
oussections.To be specific,we considemumericalexamplefor its possiblerealizationat the
TESLA TestFacility at DESY. However, this specificexamplehighlightsall generaproperties
of the HGHG FEL schemes.

Numericalresultspresentedn this paperare obtainedwith a versionof code FAST up-
gradedfor simulationof higherharmonicsThis codeallows oneto performthree-dimensional
simulationsof the FEL processtaking into accountdiffraction, space-chae, enegy spread
andslippageeffects,andshotnoisein the electronbeam.An electronbunchof ary trans\erse
andlongitudinalprofile canbe simulated.Generalfeaturesof the codeFAST aredescribedn
[13]. In thepresensimulationswve assumedbothtrans\erseandlongitudinalprofile of theelec-
tron beamto be gaussianThe simulationprocedureof full HGHG schemewasdescribedn
citedesyp

All numericalresultsareillustratedfor two caseswith and without taking into account
shotnoisein the electronbeam.Whenwe tracethe behaiour 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 the quality of the radiationpulsefrom stageto stage As we mentionedn
the previous section the HGHG FEL schemeaswell asary frequeng multiplication scheme
possessesignificantintrinsic disadwantage Namely contrikbution of the shotnoise power to
the signal grows quadraticallywith the numberof harmonicto be generatedThe resultsof
numericalsimulationsarein goodagreementvith simplephysicalestimationgresentedh the
previoussection.Thegrowth of thenoisecontributionis clearlyillustratedwith the plotsfor the
phaseof theradiationfield (seeFig. 3). Theplotsfor radiationspectrumarepresentedn Fig. 4.
Analysis of the presentnumericalexample shows that the shot noisein the first stagegives
relatively smallcontributionto thefinal valueof thenoiseto signalratioattheexit of theHGHG
schemeThisis achieredby meanf increaseof thepower of seedradiation.However, HGHG
schemedoesnot allow to do this for the next stageswhena small beamdensitymodulation
senesasinput signal.In our casethe main contribution of noisedegradationcomesfrom the
secondstage Thethird stagealsogivesvisible contribution to the noise.

Themostcritical issueof thesingle-lunchHGHG schemas growth of uncorrelatecgnegy
spread However, parameter®f the stagescanbe optimizedin sucha way thatthis effect al-
mostdoesnot leadto degradationof outputradiation.Calculationsshav that the increaseof
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Fig. 3. Time structureof radiationpower (left column)andphaseof outputradiation(right column)atthe
exit of differentstagesof HGHG schemgupper middle,andlower plots correspondo the 4th and5th
stagesandmainundulatoy respectiely). Solid curvesarecalculatedakinginto accounshotnoisein the
electronbeam andthecirclespresentheresultswithout noiseeffect. Dashecturvesdenotdongitudinal
profile of theelectronbunch.Thefirst stageis seededy along laserpulse.

uncorrelatecnegy spreads 20%only (see[14] for moredetails).

Theresultspresentedbove allows usto make conclusionthatshotnoisedegradationdoes
notallow to reachvery shortwavelengthswvith theHGHG FEL schemeA limit imposedby this
fundamentakffect seemdo be around8 nm whenHGHG procedurestartsfrom UV seeding
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Fig. 4. Spectrumof outputradiationat the exit of differentstagesof HGHG scheme(upper middle,
andlower plotscorrespondo the 4th and5th stagesandmain undulatoy respectiely). Solid curvesare
calculatedakinginto accountshotnoisein the electronbeam,andthecirclespresentheresultswithout
noiseeffect. Thefirst stageis seededy alonglaserpulse.

laser(multiplication factorof about30). Practicallimit is reachedor evenlongerwavelength.
Thereasorfor thisis thatHGHG FEL schemas extremelysensitve to fluctuationsof thebeam



andseedingadiationparameters.

5 Discussion

In conclusionwe would like to discusssomegeneralaspectsof noiseinfluenceon the
HGHG FEL operation.lt shouldbe emphasizedhat despitethe theory of HGHG FEL was
developedover a decadethereare no papersdevotedto the analysisof the noiseproperties
of thesesourcesHere, it is relevantto remembethatthe analysisof the frequeny multiplier
chainsandtheir effectson sourcenoisein radarand similar systemshasalwaysbeenanim-
portantproblem.The majority of communicatiorandradarengineersarefamiliar with the fact
thatinsertingtheamplifierprior to frequeng multiplicationhasthedisadwantagdehatthe phase
noisecontrikution of the amplifieris multiplied by n?, wheren is a frequeng multiplication
factor(seefor example,[15]). In thecaseof HGHG FEL this meanghattheeffectof frequeny
multiplicationby afactorof N multipliesthefirst FEL amplifiernoisepowerto carrierratio by
N2, This preventsoperationof HGHG FEL atvery shortwavelengthrange.

Let usgive a moredetaileddiscussiorof problemsrelatingto the X-ray HGHG FEL noise
output.Frequeng multiplication procesgproducesa noisedegradationproportionalto at least
the squareof themultiplicationratio. As aresult, HGHG FEL startingfrom opticalwavelength
range(Ay, > 2000 A) cannotproducecoherentradiationspanningto Angstromwavelength
range.The main problemis that the contrilbution of the noiseto the output power increases
drasticallywhenapproachinghe X-ray band.Consideffirstly anidealizedcasewhereonly the
first FEL amplifier hassignificantcontrikbution to the noise output. Thenthe signalto noise
ratio after an ideal frequeng multiplier chainis smallerthanthe signalto noiseratio at the
fundamentafrequeng by afactorof F ~ N2 ~ 107 at Aoy, ~ 1 A. If we wantto make the
ratio (P,/ P,)ou: Muchlargerthanunity, (P,/P,);, mustreachvaluesof about10°. To estimate
the requiredvalue of the peakpower of the seedlaserpulseit is corvenientto introducethe
notion of an effective power of shotnoise Py, which is usuallyusedfor numericalsimulation
of the SASE FEL with steady-stateodes(seefor example[12]). For the visible rangeof the
spectrumthe effective shotnoisepower for usualSASE FEL parameterss aboutP,;, ~ 102
W. This meansthat successfubperationof the X-ray HGHG FEL requiresa seedpower of
about100 GW, but this valueis beyond the outputpower of the FEL amplifier at saturation
(Psat =~ 10 GW). In principle,in this situationa laserpulseof 100 GW power level anda first
undulatorwith a few periodsonly could be used.However, this doesnot solve the problemof
the noisedegradation,becausdhe presentanalysisis basedon assumingan ideal frequeng
multiplier chain.Consideringthe othercontributionsto the noiseoutput, it is obviousthatthe
100 GW level power is not attainablein the radiatorundulatoroperatingat the second(or
higher)harmonic.This meanghatthe condition(Ps/ P,)ou => 1 Will be violatedwhentaking
into accountof thesecondHGHG stagecontribution to the noiseoutput.

Recently variousHGHG schemedave beenproposedo improve the performanceof X-
ray FEL. The basictheoryof theseschemesloesnot take into accountthe shotnoiseeffect,
meanwhilet leadsto a dramaticdegradationof the quality of the outputradiationwhenapply-
ing frequeng multiplication schemesThe agumentdiscussedbove, basedon our resultsof
numericalsimulations seemto be strongenoughto suggesthatthe HGHG FEL schemedgor
reachinghardX-raysproposedn 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 generatiorof femtosecongbulses.The proposedscheme
operatesas follows. The first stageis a corventional FEL amplifier seededoy 523 nm
externallaser A zeroareaopticalpulse(i.e. thepulsewith zerovalueof opticalfield in the
centralareaof the pulse)is timedto overlapwith the electronbunch. Radiationpower is
amplifiedup to the saturatiorlevel. Following the first stagethe electronbeamentersthe
main 6 nm SASE undulator Large enegy spreadis inducedin the significantfraction of
the electronbeamdueto the FEL interactionprocessandonly a smallpartof the electron
bunch(nearthe centerof zeroarealight pulse)is capableo produceradiationin the 6 nm
SASEFEL. The SASEFEL describedn this paperwill provide soft X-ray pulseswith 30
fs (FWHM) duration.On the basisof the TTF parameter& shouldbe possibleto achieve
anaveragebrillianceof 10?2 photonss™'mrad-2mm~2 per0.1%BW. Theaveragenumber
of photonscanexceed10'? photon/pulse.

1 Intr oduction

Phasdransitionssurfaceprocessegndchemicakeactionsareultimatelydriven
by the motion of atomson thetime scaleof onevibrationalperiod(~ 100fs). Un-
fortunately the pulselength of presentsynchrotronlight sourcess too long for
resolvingatomicmotion on the 100 femtosecondime scale.Recentefforts at ap-
plying 300fs X-rays pulsesto probestructuraldynamicshave useda synchrotron
sourcecombinedwith a femtosecondptical guantumlaser[1]. The sametech-
nique can be usedto generatdn the future 100 fs X-ray pulseswith an average
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brilliance of 10! photonss 'mrad?mm~2 per0.1%BW at the photonenegy of
2 keV [1].
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Femtosecondoft X-ray facility proposedn this paperis basedon the useof
soft X-ray SASEFEL. To be specific,we illustratea new methodof femtosecond
X-ray pulsesproductionwith an examplefor the SASE FEL at the TESLA Test
Facility (TTF) beingunderconstructiorat DESY. The ideafor productionof very
short X-ray pulsesis basedon a high sensitvity of the FEL gain on the enegy
spreadin the electronbeam.Thus, a techniquebestsuitedfor the femtosecond
SASEFEL consistf “manipulating”theenegy spreadalongthe electronbunch.
The requiredshapingof the enegy spreadis performedby passingthe electron
beamtroughtwo-stageFEL amplifier (seeFig. 1) seededy anoptical pulsefrom
existentTTF laserfacility (pulseduration10 ps,opticalenegy in the pulse0.3 11J,
wavelength523 nm — the 2nd harmonicof Nd:YLF laser).The first stageof the
FEL amplifier operatesn the linear regime and producesoptical pulsesof 300 fs
pulsedurationwith peakpower of about60 kW whichis strictly synchronizedvith
the electronbunch. After the exit of the first stagethe electronbunchis guided
througha bypassandtheradiationentersthe pulseshapingsystem.Thefunctions
of theelectronbypassareto provide equaltime delaysfor the electronandthelight
beamsandto suppressnicrobunchinginducedin the electronbunchin the first
undulatordueto the FEL processThefunctionof the opticalpulseshapingsystem
is to preparezeroareaoptical pulse.In pulseshapingsystemtheinput radiationis
focusednto asingle-modepticalfiber. After thefiberexit, thelinearchirpedpulse
is sentthroughspectralfiltering system.The pulseis spectrallydispersedisinga
gratinganddirectedthrougha maskwhich spectrallyfilters the pulse.The spectral
componentarerecollimatednto abeamby a secondgrating. The shapingsystem
producezeroareapulseswhich arestrictly synchronizedvith electronbunchesat
the entranceto the secondundulator Sincethe input optical pulseis producedby
thesameelectronbunch,the proposedchemeolerateslectronpulsetime jitter of
aboutafew picosecondsA zeroareaopticalpulseproducedy theshapingsystem
is amplifiedup to the saturatiorevel in the secondundulator Large enegy spread
isinducedn thesignificantfractionof theelectronbeamdueto the FEL interaction
processandonly asmallpartof theelectronbunch(nearthecenterof thezeroarea
light pulse)is capabletio produceradiationin the6 nm SASEFEL (seeFig. 2).

2 Scientific opportunities with the femtosecondsoft X-ray SASEFEL

To date,the studyof ultrafastdynamicsin thefield of physics,chemistry and
biology hasreliedlargely on femtoseconaptical pulsesin the visible or infrared
spectralrange.Using fs optical lasersresearchesould collecteda wealthon in-
formationon the detailsof reactionpathwaysin mary molecularsystemse.g. J,
CH,J,, andeven larger systemd3]. The importanceof the field is underlinedby
awardingtheNobelPrizein chemistryto A. Zewail. Sinceall informationin optical
fs-experimentss obtainedrom spectroscopicesults e.g.ionizationprobability or
kinetic enegy of photoelectronsadetailedknowledgeontheinvolved- sometimes
rathercomplec - enegy surfaceis requiredfor theinterpretatiorandunderstanding
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of the experimentaldata.Soft X-rays have several advantagesomparedo opti-
cal light pulse.Thanksto the elementspecificabsorptionof inner shell electrons
well-definedatomscanbeexcitedselectvely. Moreover, chemicalbondscanbe se-
lectedby their well-known chemicalshift, e.g.in innershell photoelectrorspectra
(XPS). The latter canbe usedin orderto identify surfaceandbulk statesof con-
densedmatter Finally, the local excitation of tightly boundcorelevels allows the
determinatiorof structuralinformationwith varioustechniquegEXAFS, XANES,
andphotoelectrordiffraction). Therefore fs soft X-ray pulseshold greatpromises
for new andexciting experimentsn mary fields of researchwhich will give deep
insightinto the dynamicsof nuclei andelectronson the time scaleof vibrational
motion.

The vibrationalperiodof nuclearmotion dependson the strengthof chemical
bondsandthemassf nuclei.In heary moleculedik e J, theperiodis approximately
100-200fs while for light moleculesgspeciallyhydrogencontainingmoleculest
lastabout10-50fs. It is thusobvious,thatthe proposedew designfor a soft X-ray
FEL with 30 fs long pulseswill have a considerabledwantagecomparedo other
proposedschemed4,2] — someare alreadyunder constructionor have emitted
first light [5] - sincetheir pulsedurationof 200-300fs is just at the limit for the
studieson nuclearmotionandlattice vibrations.Pumpprobetechniquesvhich are
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
generatedn an additionalundulatorusingthe sameelectronbeamasoutlinedin
ref. [6].

Time resoled experimentswith 30 fs resolutionwill opennew scientificop-
portunitiesin chemistrymoleculamphysics solid statephysicsandsurfacescience.
The useof pump-probetechniqueswill allow the study of vibrationaland bond
breakinganddissociationn complex moleculeswith elemenselectvity. Thanksto
thelocal excitationit will be possibleto distinguishthe vibrationalmotion of non-
eguvalentatoms e.g.thecentralandtheterminalnitrogenatomin N,O. Moreover,
time resolved photoemissiofXPS) canbe usedto ascertairdecayratesandvibra-
tional periodsn well-definedsubgroupsn largemoleculessincethechemicalkhift
in the XPSspectrumis afingerprintof chemicalbonds.

In a similar way, researchon clustersand nanocrystalswill benefitfrom the
proposed~EL. As aresultof their small sizea large fraction of atomsarelocated
atthe surface.Time resohed studies(pump-probewill allow the investigationof
surfaceandbulk statesseparatelyFurthermorephotoninducedreactionsphase
transitionsandelectrontransferprocessesanbe studiedon a time scaleof a few
tenfs. Photoelectronpn andfluorescencsignalsaswell ascombinationgelectron
ion: PEPICO,ion-ion, PIPICO, for the study of fragmentationand dissociation)
canbeusedasamonitor. Metal, semiconductoandcovalentlyboundsystemsand
compleesthatplay animportantrole in atmospheriprocessearegreatinterestin
this context.
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The elementspecificexcitation of soft X-rayswill allow the studyof photody-
namicalprocesse®f individual atomsand moleculeson surfaces.Time resohed
EXAFS/XANESor photoelectromiffractionmakinguseof two colourpump-and
probetechniqueswill give informationon the motion (vibration dissociation)on
well characterizedurfacesin real time. The reactiondynamicsof adsorbatess
of majorimportancefor the understandingf chemicalprocessesit surfacesand
an importantissuein this contet. Catalytic reactionsof metaland semiconduc-
tor interfacesare of particularinterest.UV light caninducea chemicalreaction
like oxidation,which canbe studiedby looking at reactionproductson a fs time
scale.The high photondensityof the FEL beam- especiallywhenfocussednto
asmallspot- will resultin efficient photodesorptiomndplasmaformation.Many
processe®ccurringin laserinducedplasmagoing on in the plume are not well
understoodDetailedinformation can be obtainedusing two-colour pump probe
experimentsanddetectingohotoelectronandions ejectedrom the plasmaplume.
Photoreactionandphaseransitionin bulk samplesanbe investigatedwvith time
resolhed X-ray emissionspectroscop The meanfree pathlengthof soft X-raysis
muchlarger thanthe internuclearseparationsn solids. Thus,time resohed stud-
ies of bulk propertiesthe dynamicsof atomsdopedinto solidsandphotoinduced
reactionsat buriedinterfaceshecomeeasible.

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

3 Description of femtosecondX-ray FEL at the TESLA TestFacility

Presentdesignassumeso useprojectparameter®f the TESLA TestFacility
acceleratof?2]. Facility for productionof femtosecon@®ASEX-ray pulsesonsists
of a two-stageseedingsystemoperatingat the wavelengthof 523 nm. Figure 1
shavs a schematiaiagramof a seedsystemfor the femtosecondoft X-ray SASE
FEL atthe TESLA TestFacility. The schemeconsistsof seedquantumlaser two
undulatorsand optical pulseshapingsystemlocatedbetweenthem. The first un-
dulatoroperatesn alinearregime andproducesshortlight pulse(of about300fs
duration)synchronizedvith the electronbunch. After the exit of the first undula-
tor the electronsareguidedthrougha bypassandthe radiationentersthe shaping
system.A zeroarealight pulsewith peakpower of about10 kW is generatedy
pulseshapingsystem.This radiationpulseis amplifiedup to the saturatiorlevel in
the secondundulator At the exit of the secondundulatorthe mostfraction of the
electronbunch haslarge enegy spreaddueto the FEL processexceptof a small
region in the centerof zero pulsearea.This of the essencef the enegy spread
shapingechniqueThe procesf amplificationof radiationin the X-ray undulator
developsin the sameway asin cornventional SASE FEL.: fluctuationsof the elec-
tron beamcurrentdensitysene astheinputsignal. The seedingadiation(523nm
wavelength)doesnotinteractwith the electronbeamin the X-ray undulatorandis
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Fig. 3. Temporalprofile of theradiationpulseat the exit of the first stageof 523 nm FEL
amplifier (curve 1). Curve 2 presenttemporalprofile of the radiationpulseafter optical
pulseshapingsystemDottedline denotesurrentprofile of theelectronbunch.

diffractedout of theelectronbeam Sincethegainof the FEL amplifieris very sen-
sitive to the enegy spreadpnly this small partof the electronbunchproduceghe
radiation,thusproviding shortpulseduration(seeFig. 2). For ultrashortzeroarea
of seedopticalfield, the slippageof radiationwith respecto the electronbunchin
the 523 nm high-gainFEL amplifiercanbe anessentiamechanisnfor shortening
the SASEradiationpulse.Startingwith zeroareaof opticalfield of 60 fs duration
(FWHM) we canobtain30fs (FWHM) pulsesat thewavelengthof 6 nm.

An attractve featureof this schemas the absencef no apparentimitations
which would prevent operationat even SASE pulsewith durationcloseto coher
encetime (about2 fs in our case) For examplecloseto endof 523nm FEL oper
ation(i.e. closeto saturation)we canusea magneticdelayto positionthe 523nm
radiationnearthe tail end of undisturbedpart of the bunch.An experimentercan
easilycontrolthedurationof "zero” areaby tuningthe magnetidield in the shifter
(athree-dipolechicane)ln this techniquewe usezeroareof seedopticalfield that
is muchlongerthanthe producedsoft X-ray SASEpulse.

The function of the first stageof 523 nm FEL amplifier is to prepareshort
optical pulsestrictly synchronizedvith theelectronbunch.Theamplifieris seeded
by the laserpulseof 10 ps pulsedurationand 30 kW peakpower. The duration
of the seedingpulseis much larger thanthe electronpulsetime jitter of +1 ps,
soit canbe easilysynchronizedvith the electronbunch. After the first stagethe
electronandthe light beamare separatedT he electronbeamis guidedthrougha
nonisochronoudypassandthe radiationentersthe optical pulseshapingsystem.
Details of the first stageFEL amplifier and the optical pulseshapingsystemare
presentedn [9]

Therequiredlevel of theenegy spreadn thesecond=EL amplifieris induced
only in the nonlinearstageof the FEL amplifier operationwhenthe electronsbe-
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Fig. 4. Temporalprofile of the outputradiation(curve 1) andenegy spreadn the electron
bunch (curve 2) at the exit of 523 nm FEL. Dashedline denotescurrentprofile of the
electronbunch.

cometo losevisible fraction of their enegy. In orderto reachnonlinearstage the
undulatorshouldbe sufficiently long. Optimizedlength of the undulatoris equal
to 8.3 m, i.e. 110 undulatorperiods.Slippageeffect at this distanceplay visible
role in formationof theradiation,despitekinematicslippage(of about60 microns)
is visibly suppressedyy a factorof four, dueto decreas®f the groupvelocity of
theradiationinteractingwith the electronbeam[8]. This effect explainssignificant
differencebetweerthe shapeof the seedingoulse(seeFigs.3 and4) andradiation
profile andinducedenepy spreadn the electronbeamat the undulatorexit.

A dispersiorsectionis installedat the exit of the secondstageof 523 nm FEL
amplifierin orderto provide morehomogeneoudistribution of the electronsn the
phaseat the entranceo the X-ray undulator A simplechicaneconsistingof three
dipoleswith Rs¢ = 0.5 mmis sufficientfor this purpose.

X-ray undulatorfollows immediatelyafter the secondstageof the two-stage
523nm FEL amplifier (seeFig. 2). Parameter®f thefemtoseconX-ray FEL am-
plifier arepresentedn Table 1. The only differencein parametergrom the main
option of the TTF FEL [2] is thatthe FWHM pulsedurationis reduceddown to
thevalueof 30fs. Figure5 representsemporalstructureof the radiationpulseat
theexit of the X-ray FEL attheundulatorlength26 m. Optimizationof the param-
etersof the femtosecondoft X-ray facility at TTF hasbeenperformedwith 3-D,
time-dependerftEL simulationcodeFAST [7].

The electronbypasshasto deflectthe electronbeamout of the straightflight
passto make room for the optical elementsin additionthe microbunchingintro-
ducedn theelectronbunchin thefirst undulatorasto beremovedwithoutincreas-
ing the overall length of the bunchsignificantly The electronoptical functionsat
the exit of 1stundulatorandthe entranceof the 2nd undulatorare determinedoy
the undulatorsand have to be matchedby the bypasselectronoptics. The basic
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Fig. 5. Temporalstructureof the outputradiationfrom femtosecon-ray FEL. Curve 1
correspondgo the single shot,and cure 2 is the averagedvalue. Curve 3 representhe
enegy spreadalong the electronbunch at the undulatorentrance Dashedline denotes
currentprofile of the electronbunch.

Tablel
Parameteref femtosecon-ray FEL atthe TESLA TestFacility at DESY
Undulator
Type Planar
Period 2.73cm
Peakmagnetidield 0.497T
Externals-function 300cm
Lengthof undulator 26m
Radiation
Wavelength 6.4nm
Bandwidth,AX/X 0.5%
rmsangulardivergence 15urad
rmsspotsizeattheundulatorexit 90 um
Pulseduration(FWHM) 30fs
Power averageover pulse 2GW
Flashenegy 50 i4J
Averagepower 4W
Peakspectrabirilliance 3 x 1030 Phot./(se&
mrad® xmm?x 0.1% bandw)

elementsof the adoptedsymmetricbypassdesignare four dipole magnets.The
first is located1.3 m behindthe first stageof 523 nm FEL amplifier anddeflects
the beambackin thedirectionparallelto the straightbeampathat the distanceof
about24 cm, which is sufiicient for the installationof the optical elementsThe
total elongationof the electronbeampathis approximatelyl2 mm. The layout
of the bypassis shown in Fig. 6. In the middle of the bypassonefinds a second
mini-bypasswhich senesfor tuningthe electronpathlengthby upto 0.5mm, i.e.
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Fig. 6. Layoutof theelectronbypassHerelettersQ, SandB denotequadrupolesectupole,
andbendingmagnetrespectiely.

Table2
Parameter®f theelectronbypass
Main bypass
Length 21m
Extrapathlength 12.4mm
Max. distanceo thestraightpath 23.6cm
Dipole bendingangle 52.4mrad
Extrapathlengthfor electrons
with 0.1%enegy deviation 0.73um
Tuningbypass
Lengthof tuningbypass 4.8m
Tunability of pathlength 0-0.952mm
Max. distanceo large bypass 43.6mm
Tuningdipolebendingangle 21.8mrad
Extrapathlengthfor electrons
with 0.1%enegy deviation 0-1.86um

approximatelyl0 timesof the bunchlength.The additionalfocusinganddefocus-
ing quadrupolenagnetsareneededo adoptthebypas<slectronopticsto thatin the
undulator for decouplingof the beampattelongationfrom the electronenegy and
for keepingthetrans\ersebeamcrosssectionsmallenough.The bypasgparameter
list is presentedn Table2 Thetrans\ersedimensionf thedipoleandquadrupole
magnetshave beenchosensuchthat they jut out in the direction of the straight
beampathby no morethan 15 cm. Preliminary optimization gives the length of
thedipoleandquadrupolanagnetdo be 20 cm and30 cm, respectrely. Thefinal
dimensionglependon the designof vacuumsystem.

For very shortbunches,coherentsynchrotronradiation (CSR) can dilute the
horizontalemittanceby similarly generatedenegy spreadin the dipoles.Calcu-
lations of the CSR inducedemittancedilution have beenmadeusing the DESY
TRAFIC4 code[10] which includesfield transientspend-to-bendadiation,and
radial forces. Theseresultsshavs that the dilution of the slice emittancein the
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bypasss about10%.
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Abstract

In this paperwe performdesignconsideratiorof afemtosecondinac-basedynchrotron
radiationfacility. Proposedechniqueis basedon the generatiorof enegy chirpedshort
electronbuncheghatwould subsequentlgpontaneouslyadiatefrequeng chirpedsoft X-
ray pulsesin anundulator Thesepulsesarethenspectrallydispersedisinggrazingincident
grating. The spectrumis propagatedhroughexit slit (spectralwindow) which filters the
pulsesof femtosecondluration.The shortestemporalstructureqabout10 fs) arelimited
by the enegy chirp andlongitudinalemittanceof the electronbunch,numberof undulator
periodsandresolutionof monochromatoin this papemwe analyzepotentialof the TESLA
TestFacility (TTF) at DESY for constructiorof suchafemtosecon-ray facility.

1 Introduction

Phasdransitionssurfaceprocessesndchemicareactionsreultimatelydriven
by the motion of atomson the time scaleof onevibration period(~ 100fs). The
pulselengthof existing synchrotrorsourcess toolongfor resolvingatomicmaotion
onthe100femtosecondime scale Recentefforts at applying300fs X-rayspulses
to probestructuraldynamicshave useda synchrotronradiationsourcecombined
with a femtoseconaptical quantumlaser[1]. The sametechniquecanbe usedto
generatén thefuture100fs X-ray pulseswith anaveragebrillianceof 10'* photons
s 'mrad ?mm~? per0.1% BW atthephotonenegy of 2 keV [1].

New proposabf femtosecondoft X-ray facility, whichis describedn this pa-
per, is basedon frequeng chirping of the undulatorspontaneousadiationpulse.
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Using spatialand spectralfiltering we canreducethe durationof the synchrotron
radiationpulseto about10 fs. A correlatedfrequeng distribution alongthe ra-

diation pulsecanbe obtainedby changingthe electronenepgy alongthe electron
bunch,i.e. chirping the electronbunchenegy beforeit entersthe undulator The

mainingredientsof a femtosecond-ray facility area high enepgy electronbeam
with smalllongitudinalemittance A small(closeto diffractionlimited) trans\erse
emittancejs neededoo.

In 1999Pcellgyrini analyzedhepossibilityof producingfemtosecondbngpulses
by chirpingandcompressingdin gratingcompressor)he outputX-ray SASEFEL
radiation[2]. In this paperwe extendthis approachfor generatiorof shortpulses
of spontaneousadiation.This becomegossibledueto applicationof anangular
filter anduseof gratingmonochromator

In thispapemwe analyzeapossibilityfor integrationof femtosecondynchrotron
radiationsourceinto the TESLA TestFacility (TTF) beingunderconstructionat
DESY. A 1 GeV superconductingjnear acceleratoat the TTF is capableto pro-
duce electronbeamwith high averageand peak power, low enegy spreadand
emittance.The main practicalapplicationof this accelerators to useit for driv-
ing the soft X-ray SASEFEL [3]. TTF linac would be ableto deliver up 500-700
MeV electronbeam,preparedvith propertieso allow generatiorof fs soft X-ray
pulse(with electronpulseduration0.16 ps FWHM, enegy chirp 1 %). The elec-
tron beamqualitiesrequiredfor fs facility operation(longitudinalemittancelO =
ke\V-mm, normalizedtrans\erseemittance2r mm-mrad,chage 0.1 nC) can be
met with laserdriven rf-gun. After the exit of the undulator(numberof periods
N,, ~ 250) the spontaneousndulatorradiationentersthe angularfilter, which se-
lectpowerradiatedn thecentralcone. After filter thefrequeng chirpedsoft X-ray
pulseentersthe monochromatowith resolutionAw/w ~ NJ!' ~ 4 x 1073, It
will provideradiationpulseswith 30fs (FWHM) duration.Onthebasisof the TTF
linac parameterg shouldbe possibleto achiese anaveragebrilliance of 10'* pho-
tonss ‘mrad 2mm 2 per0.1 % BW in the photonenegy range50-200eV. The
averagenumberphotonsat the monochromatoexit (at monochromatoefficiency
10 %) canexceed10® photonswithin 30 fs pulseduration.The pulsedurationcan
betunedfrom 30to 160fs by changingtheresolutionof monochromator

Hereit is relevantto comparethe technicalchallengef linac-basedsoft X-
ray SASE FEL andsoft X-ray femtosecondynchrotronradiationsource.Based
on the requirementdor a femtosecondsynchrotronsource the designgoal of rf
photocathodegunis a 6-ps-(rms)-longoeamof 0.1 nC chage with a normalized
trans\erserms emittanceof 2r mm-mradand longitudinalemittancelO = KeV-
mm. Designgoal for soft X-ray SASE FEL is a beamof 1 nC chage with the
sameemittancesComparingthe beamparametersve canconcludethatto make
preseration of the emittancesn the caseof the SASE FEL parameterss more
difficult, sincein our casethe chageis aboutan orderof magnitudesmaller The
SASEprocessstartsfrom spontaneousmissiorandgrows exponentiallyalongthe
undulatoruntil saturationUsuallythis occursafterabout10 exponentialfield gain
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length. As a result, the output power of SASE FEL decreaseslrasticallyat the
bunchchagedecreasepr attheemittancegrowth. If we considerthefemtosecond
synchrotrorradiationsourcewe find thatthenumberof photongperpulseandtime
resolutionevolve slowly with chage andemittanceThisis aresultof spontaneous
emission.

2 Principle of operation

Letusintroducethebasicfeaturesof undulatoradiation.Notethatfor radiation

within the coneof half angle
) J1+ K2/2
cen — ’)/\/N—W Y

the relative spectralFWHM bandwidthis Aw/w = 0.88/N,,, where N, is the
numberof undulatorperiods,K is undulatormarametery is relativistic factor The
photonflux within the centralconeis givenby

dNeen  maA3 KN, f
dt — 1+K2%/2 ~

Herea ~ 1/137 is fine-structureconstant,N, is the numberof electronsin a
bunch, f is the bunchrepetitionrate, A;; = [Jo(Q) — J1(Q)], where J, is the
Bessefunctionof nth order and@Q = K?/(4 + 2K?).

Beyond the naturalbroadeningdue to the finite numberN,, of oscillations,
further spectralbroadeningcan be incurredwith the passagef mary electrons
throughthe undulatorin a bunchof finite size,divergence andenegy spread4].
In whatfollows we usethefollowing assumption:

AE 1
4_ = N2
z < N, (') <

2
ﬁﬂ , (1)
VN
where Ay /v and ¢’ arethe rms electronenegy spreadand rms angulardiver-
gencewithin the bunch,respectrely. Whentheseconditionsare satisfied the en-
emgy spreadandangulardivergencecausea spectrabroadenindessthan1/N,, and
centralconewill beratherwell definedin termsof bothits angulardefinitionand
spectrum.

The quality of the radiationsourceis describedusuallyby the spectralbright-
nessB definedasthedensityof photongn thesix-dimensionaphasespacesolume.
Expressiorfor B in termsof photonflux within the centralconeis [4]:

(d Neen/ d t)(Ny/1000) photons/s

B = .
472 (0101) 2 (Tt0t )y (0ot )z (Ttet )y mm2mrad?(0.1%BW)

42



where(oot )y @and(of,, )z, arethe(horizontalandvertical) photonbeamGaussian
(1/4/e) radiusand Gaussiarhalf anglerespectiely. Takinginto accountcontriku-

tion of diffractioneffects,we maywright thefollowing expressiongor thesizeand

angulardivergenceof the photonbeam:

(O-tOt):Qc,y = (Ue)i,y + O-g ) (J‘zot)i,y = (Oé)i,y + (0-:1)2 )

whereoq = 4/ALy/(47) is the diffraction limited radiationbeamsize, o, =

\/A/ (47 Ly,) is the diffraction limited radiationbeamdivergence,and L, is the
undulatorlength.The particlebeamparametersre

(Ue)i,y = (€e)z,yBey » (Ué)i,y = (€e)uy/ By »

whereg, , isthebetatrorfunctionin theundulatore, , is thehorizontalandvertical
electronbeamemittancerespectiely.

The limiting conditionof spatiallycoherentradiationis a space-angl@roduct
d-60 = \/(27), whered is a Gaussiarn / /e diameterand§ is the Gaussiarhalf
angle[4]. In generalcasethe phasespacevolume of photonsin centralradiation
coneis largerthanthe limiting conditionrequiredfor spatialcoherenceThus,for
experimentghatrequirespatialcoherencea pinholeandangularacceptanceper
ture areto beintroduced.This pinholespatialfilter is usedto narraw, or filter, the
phasespaceof transmittedradiation.Filteringto d - 6 = \/(2x) requiresto useof
bothasmallpinhole(d), andsomelimitation on ¢, suchthatthe productis equalto
A/ (2m).

Radiationis trans\erselycoherenwhen
(Ge)w,y(aé)zy < /\/(47T) ’ 5 = LW .

Underthis conditions,onehas(o,,,)* < (0q)* and(a;,,)* < (0})* andspectral-
angulardependencef the radiationemittedby an electronbeamcanbe approxi-
matedasspectral-anguladependencef theradiationemittedby a singleelectron.
Thislimit correspond$o maximumof brilliance.

Whenthe electronbeamemittanceis large, (0¢), 4 (0%)zy > A/(47), thera-
diationis partially coherentOne canfind that the influenceof electronbeamdi-
vergenceon the propertiesof the undulatorradiationcan be neglectedwhenthe
beta-functionis large enough.In the region of parametersvhen (o7, ,)* < (0})?,
a downstreamdiaphragmof apertured = 204 is usedfor selectionof the trans-
verselycoherentfraction of undulatorradiation.Finally, in this limit, the flux of
trans\erselycoherenphotonsnto the bandwidthAw/w = 0.1% canbe estimated
simplyasd Npn/ dt ~ A’B/4.

The layout of the soft X-ray femtosecondacility is presentedn Fig. 1. Soft
X-ray pulseshortenings achiezedin a two-stepprocesssketchedn Fig. 2. In the
first stepa frequeng chirping is impressedn the radiation pulsewhich canbe
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Fig. 2. Sketch of femtosecondsoft X-ray pulsesynthesatiorthroughfrequeng chirping
andspectrafiltering

obtainedby changingthe electronenepgy alongthe electronbunch,i.e. chirping
the electronbunchenegy beforeit entersthe undulator Optimumundulatorper
formancesbtainedwith small electronbeamdivergenceandlocal enegy spread
(conditions(1) arefulfilled). Theangularacceptancaperturds usedfor selection
of thefractionof undulatoradiationwithin the centralcone Whenthis radiationis
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partially coherenta downstreandiaphragmis usedfor selectionof thetrans\ersely
coherentfraction of undulatorradiationwhich is directedto the monochromator
Thesecondstepis the shorteningor shapinghroughspectrafiltering. This tech-
nique consistsof manipulatingthe pulse spectrum.The pulseto be shorteneds
spectrallydispersedisinggrating. The spectrumis propagatedhroughan exit slit
which spectrallyfilters the pulse.The resolutionof the monochromators equal
to Awy,, the centralfrequeng is equalto wy and Aw/wy < 1/N,,. The shortest
pulsedurationsA7 thatcanbe obtainedaredeterminedat fixed numberof undu-
lator periodsand undercondition (1)) by the finite durationof the input pulser,
(FWHM) andbunchenegy chirp £0E/E: At ~ 7,/(4NwdE/E). If thereis an
rmslocal enepgy spreadA E within the bunch,the shortestpulsedurationcanbe
approximatedy

At =~ 10\/E?[(4N6E)? + (AE/SE)? . )

3 Numerical example

The operationof linac-basedemtosecondynchrotronradiationfacility is il-
lustratedfor the TESLA TestFacility. Table 1 lists someof the basicparameters
of the electronbeam,undulator monochromatqrandoutputradiation.The radia-
tion wavelengthcanbe changeckitherby changingthe electronbeamenegy and
additionallyby changinghe undulatormagneigap.Fig. 1 illustrateshow thetech-
nigueis usedto obtain spatially coherentradiationfrom the undulator Only the
angularacceptancaperturas introduced Thedesignvalueof thetrans\erseemit-
tanceof the electronbunchin the TTF acceleratoiis small, so the spontaneous
radiationwithin the centralconeis trans\erselycoherentat the wavelength10 nm
andlongerandthereis no needin anadditiondiaphragmFor undulatorwith 250
periods,a monochromatoandbeamlineoptics,with anoverall efficiency n of 10
% (30 % gratingefficiency andfive glancingincidencemirrors at 0.8 reflectvity
each)are usedto obtain Aw/w ~ 4 x 1073. In this casewe have 6E/E ~ 1%
andAE/E ~ 0.1% and,accordingto (2), the minimum soft X-ray pulsedura-
tion reachesa valueabout30 fs (FWHM). The averagenumberof photonsat the
monochromatoexit can exceed10® photonsper 30-fs durationpulse.An aver
agebrilliance would be about10'* photonss~!mrad2mm~=2 per0.1 % BW. The
femtosecondacility at TTF is designedo be tunablein the photonenegy range
50-200eV, correspondindo the 500-700MeV electronenegy and0.2-0.5T un-
dulator field. Note that monochromatoprovides spatially and spectrallyfiltered
radiationpulse.

The proposedphasebunchingsystemis sketchedin Fig. 3. Compressinghe
bunchwill bedonein stagego avoid spacechage andcoherensynchrotrorradi-
ation (CSR)andotherwakefield effectslimiting the achievzable bunchlengthand
trans\erseemittanceThefirst compressioims from 1.6 mmto 400m (rms).It con-
sistsof a150MeV acceleratingnodulefollowedby thefirst TTF magneticchicane

45



Tablel
Parameter®sf the TTF linac-basedemtosecondacility
Electronbeam

bunchenegy, MeV 500- 700
bunchchage,pC 100
rmslocal enegy spread% 0.1
rmsincomingenegy spread% 1
final rmsbunchlength,zm 20
normalizedemittancesr mm-mrad 2
numberof bunchegertrain 7200
bunchspacingns 111
repetitionrate,Hz 10
Undulator
Type planar
numberof periods 250
period,cm 2.7
min. gap,mm 12
max.peakfield, T 0.5
externalbeta-functionm 10
Gratingmonochromator
resolution % 0.4
efficiengy, % 10
photonenegy, nm 50- 200
Outputradiation
photonenegy, nm 50- 200
min. pulseduration,fs (FWHM) 30
numberof photosperpulse 10°
spectrumwidth, % (FWHM) 0.4

generatingRs¢ neededor bunchcompression5]. Calculationsshow thatinduced
enepgy spreadandemittancedilution shouldnot be a seriouslimitation in BC1 at
100pC bunchchage. After leaving thefirst bunchcompressothe electronbunch
of 400 um lengthis acceleratedn the next partof the TTF linac with anon-crest
phasefrom 150 MeV to 500 MeV. For the secondcompressiorthe requiredlarge
correlatecenepgy spreadn thebunchof 5 MeV is inducedby passinghelastpart
of acceleratingstructureat 90° crossingphase Our analysisshavs that adequate
solutionfor theBC2 designis adoublechicane Therequirement$or themagnetic
bunchcompressom our casearevery closeto thosefor the magneticounchcom-
pressoBC2in theLinac Coherentight Source(LCLS) project[6]. Eachchicane
is twelve meterdong andcontaindor a C-typebendingmagnetsFour quadrupoles
areplacedbetweenthe chicanesn locationswherethe dispersionpasseshrough
zero.Sincethe enegy spreadgeneratedy CSRis correlatedalongthe bunch,its
effect on the trans\erseemittancecan be compensatedh a double chicanewith
optical symmetryto cancelthe longitudinal-transersecoupling[6]. Calculations
shov a net BC2 emittancedilution of 2 % with CSRinducedenepgy spreadof
0. 03 % (at 100 pC chage per bunch). Table 2 summarizeghe proposeddesign
parameter$or BC2 providing bunchcompressiorirom 400to 20 zm (rms).
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Table2
Parameter®sf the 2ndbunchcompressodoublechicane

Parameters Symbol  Unit Value
bunchenegy E MeV 500
bunchchage Q pC 100
initial rmsbunchlength 0, pm 400
final rmsbunchlength o um 20
rmsincomingenegy spread JE/E % 1
netmomentuncompaction Rs6 mm 34
total systemlength Lot m 35
lengthof eachdipole magnet Ly m 1.5
drift betweenlsttwo (lasttwo) dipoles AL m 3.4
drift betweercenterntwo dipoles AL. m 0.5
bendanglefor eachof 1stfour dipoles 0s1 deg 3.4
bendanglefor eachof lastfour dipoles Ono deg 1.3
magnetidield for eachof 1stfour dipoles H, G 660
magnetidield for eachof lastfour dipoles H, G 250
emittancedilution dueto CSR Ae/e % 15
rmsCSRenegy spread AEcsg/E % 0.03

7-m-long
undulator
150 MeV 500 MeV
1st TTF ond TTF double chicane
CoOMmpressor CoOmpressor compressor
(switch on? (switch off) (switch on)
/\:—
SRF module d_og leg 30-m-long
{1.3 GHz, 150 MV> (switch off) XFEL
undulator
electron
bunch \\H

NN
VAR

RF field in
last part of
the linac

Fig. 3. TTF femtosecondacility compressiomndacceleratiorschematic
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Abstract

New proposalbf afs X-ray facility, which is describedn this papeyis basedon theuse
of X-ray SASEFEL combinedwith afs quantuniaser An ultrashortlaserpulseis usedfor
modulationof the enegy anddensityof the electronswithin a slice of the electronbunch
atafrequeng wqpt. Thedensitymodulationexiting the modulator(enegy-modulationun-
dulatoranddispersiorsection)is about10%. Following the modulatorthe beamentersan
X-ray SASEFEL undulator andis bunchedat a frequeng wy. This leadsto anamplitude
modulationof the beamdensityat the sidebandsvy + wop;. The sidebanddensitymodu-
lation takesplaceat the part of the electronpulsedefinedby the durationof the seedaser
pulsethatis muchshorterthanthe electronpulse.Following the SASEFEL undulatorthe
beamand SASE radiationenterundulatorsection(radiator)which is resonantat the fre-
queny wy — wept. Becausehe beamhasa large componenbf bunchingat the sideband,
coherentemissionis copiouslyproducedwithin fs slice of the electronbunch. Separation
of the sidebandrequeng from the centralfrequenyg by a monochromatois usedto dis-
tinguishthefs pulsesfrom the sub-psintenseSASE pulses.

1 Introduction

In this paperwe proposesidebandseedeX-ray SASEFEL capableo produce
femtosecongulses(seeFigs. 1, 2). An ultrashortlaserpulseis usedto modulate
the densityof electronswithin a femtosecondalice of the electronbunchat a fre-
queny wep. We begin the FEL operationby positioningthe interactionregion on
theelectronbunch.Theseedaserpulsewill betimedto overlapwith centralareaof
theelectronbunch.This ultrashortiaserpulsesenesasaseedor modulatorwhich
consistof anuniform (enegy-modulationundulatorandadispersiorsection.The
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Fig. 2. Descriptionof the sidebandgeneratiorfor the caseof the densitymodulationas
initial conditions.

interactionof seedpulsewith the electronbeamproducesanenegy modulationat
wopt .

This enegy modulationis cornvertedinto a spatialbunchingin the dispersion
section.Densitymodulationat the modulatorexit is about10%. The enegy mod-
ulation,introducedby the modulator is smallerthantheinitial enegy spreadFol-
lowing the modulatorthe beamandseedradiationenterSASE undulatorwhich is
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resonantvith X-ray radiationat frequeng w,. The procesf amplificationof the
radiationin the X-ray undulatordevelopsin the sameway asin the corventional
SASEFEL.: fluctuationsof the electronbeamcurrentdensityserne astheinputsig-
nal. The seedingoptical radiationdoesnot interactwith the electronbeamin the
X-ray undulatorandis diffractedout of the electronbeam By thetime thebeamis
bunchedn the SASEFEL undulatoratfrequeny wy, the X-ray radiationpowerhas
reachedsaturationThis leadsto amplitudemodulationof densityat the sidebands
(wo £ wopt)- The sidebanddensitymodulationtakesplaceonly at that part of the
electronbunch definedby the length of the seedlaserpulsethatis much shorter
thanthe electronbunch.Following the SASE FEL undulatorthe beamand X-ray
radiationenterundulatorsection(radiator)which is resonantith thewy — wept ra-
diation.Because¢hebeamhasarelatively large componenbf bunchingatthelong
wavelengthsidebandcoherenemissiomatwy — wept, IS cOpiouslyproducedwithin
femtosecondlice of electronbunch.After leaving the radiatorthe electronbeam
is deflectedonto a beamdump,while the photonbeamentersthe monochromatqr
which selectds soft X-ray pulse.

In this paperwe analyzea possibility for integrationof proposedemtosecond
facility into the soft X-ray SASEFEL beingunderconstructioratthe TESLA Test
Facility at DESY [1]. Onthe basisof the parameteref TTF SASEFEL andlaser
pulsesof 25 fs durationand 6 1.J enegy at a repetitionrate of 10 kHz (from a
Ti:sapphirelasersystem),t shouldbe possibleto achieve an averagebrilliance of
1022 photonss~'mrad-2mm~2 per0.1 % BW in the photonenegy range25-100
eV. Thefemtosecon®ASEFEL will providesoftX-ray pulseswith 30fs (FWHM)
duration.Thenumberof photonsatthemonochromatoexit (at monochromatoef-
ficiengy 10%) canexceed10!! per pulsewhich is by three ordersof magnitude
abovethebackgroundThis creategperfectconditionsfor experimentslt is impor-
tantto noticethatthe proposedemtoseconaptionof SASEFEL atthe TTF is an
additionalto a fully functioning SASEFEL improving the outputradiationbeam
propertiesconsiderablyandthusextendingthe rangeof possibleapplications.

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

Themaingoalof thepresenstudyhasbeento designafemtosecondgoft X-ray
facility whichis compatiblewith thelayoutof the TTF andthe soft X-ray FEL be-
ing underconstructiorat DESY. Figures3 illustratehow the proposedemtosecond
facility fits the TTF FEL layout. This designmakesuseof the spentelectronbeam
leaving the SASE FEL. An additionalfacility to be installedis a sidebandmod-
ulator and sidebandadiator The sidebandmodulatoris locatedin front of main
undulatorandconsistsof 0.4 m long undulator(magneticperiodlength \, = 7.5
cm,themaximumvalueof magnetidield is H, = 0.7T) and0.5m longdispersion
section(chicaneconsistingof permanenmagnets)Thesidebandadiatoris located
afterthe mainundulatorandconsistsof oneor two 4.5 m standardl TF undulator
moduleq A\, =2.73cm, H,, = 0.51T) tunedto thesidebandrequeng. In thiscon-
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Fig. 3. Schematidayoutof thefemtoseconghump-probdacility which fits with soft X-ray
SASEFEL

ceptualdesignwe assumeo usea Ti:sapphirelasersystemasa seedaser which
providesat 400 nm wavelength(the 800 nm pulseswill be doubledto 400 nm in
afrequeng corversioncrystal)atrain of 30 fs pulseswith 6 uJ opticalenegy per
pulse,at 10 kHz repetitionrate. The installationof the femtosecondeedingsys-
temis greatlyfacilitatedby the factthat presentdesignof the SASEFEL at TTF
providesrequiredfreespacedor theinputopticalelementsandsidebandnodulator

Thesidebandeede®ASEFEL operatesisfollows (to bespecific,we consider
thecaseof 10nm SASEFEL). Theseedaserpulseis timedto overlapwith central
areaof electronbunch.This ultrashortlaserpulseinteractswith the electronbeam
in the short modulatorundulator which is tunedto be resonanto 400 nm. The
resultingenegy modulation(about0.5 MeV) is then corvertedto spatialbunch-
ing while the electronbeamtraversesa dispersiorsection(a three-dipolechicane).
Densitymodulationat the chicaneexit is about20%. Following the modulatorthe
beamandseedradiationenterSASEundulatorwhichis resonantvith X-ray radia-
tion at 10 nm. The processf amplificationof theradiationin the 10 nm undulator
developsin the sameway asin the corventional SASE FEL: fluctuationsof the
electronbeamcurrentdensitysene astheinputsignal. The400nm seedingpptical
radiationdoesnot interactwith the electronbeamin the 10 nm undulatorandis
diffractedout of the electronbeam.By the time the beamis bunchedn the SASE
FEL undulatorat 10 nm, the X-ray radiationpower hasreachedGW level. This
leadsto amplitudemodulationof densityatthesidebandg0+ 0.25 nm (seeFig 2).
Thesidebandlensitymodulationtakesplaceat the 30 fs partof the electronpulse,
definedby the durationof the seedlaserpulsethatis muchshorterthanelectron
pulse (400 fs FWHM). Whenthis coherentlybunchedbeamentersthe sideband
radiatorundulatorthereis a rapid coherentgeneratiorof 10.25nm radiation.For
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Tablel
Parametersf the sidebandnodulator

Undulator
Type planar
numberof periods 5
period,cm 7.5
peakfield, T 0.7
externalbeta-functionm 1.7
Seedaser
wavelength,nm 400
min. pulseduration,fs (FWHM) 25
enegy perpulse,uJ 6
spectrumwidth transformlimited
rep.rate,kHz 10

anopticalwavelengtrd00nm, the peak-to-sidebanseparatiorhasavalueof 2.5%
. Monochromatomith resolution0.5% locatedat the endof beamlineprovidesa
meandor selectingradiationoriginatingfrom differentfrequeng regionsof radi-
ationspectrumBecausahe SASEFEL bandwidth(about0.5% FWHM) is much
lessthanthe separatiorof the sidebandgrom the main peak,we obtain cleanfs
pulseafterthemonochromator

Thewavelengthof femtosecona@oft X-ray pulsescanbetunedcontinuouslyin
awide range.At fixed gapsof the modulatorundulatorandthe sidebandadiator
undulatorthe tunability of the outputradiationis provided by changingsimulta-
neouslythe electronenegy andthe wavelengthof the seedlaser In this casethe
sidebandadiatorundulatoris a versionof the standardl TF FEL undulatormod-
ule with the peakmagneticfield on axisa few per centlarger comparingwith the
mainundulator An additionalpossibility of variablegapmodulatorundulatorand
radiatorundulatorwould allow to increasefurther the tunability of outputradia-
tion from the sidebandseededSASEFEL. Application of both methodg(variable
gapmodulatorandradiatorundulatorandtunableseedaser)would allow to cover
the wavelengthrangeof the sidebandseededSASEFEL at TTF from 40 to down
10 nm.

Thesynchronizatiorf theopticallaserwith theelectronpulsego within 200fs
isthemostchallengingaskof thisproposalThemainproblemis thetimejitter (£1
ps) of electronandseedaserpulses.Thejitter of electronpulsesoriginatesin the
photoinjectordasersystem(laserpulsejitter) andin the magneticbunchcompres-
sors(from predicted+0.1% electronbunchenegy jitter). Dueto this uncertainty
not every femtosecondptical pulsewill producefemtosecondX-ray pulse.The
predictedprobability of positioningthe interactionregion on the electronbunchis
about10% only. Randomproductionof femtosecondoft X-ray pulsesneedgo be
controlled. Separatiorof the sidebandirequeng from the centralfrequeng can
be usedto distinguishthe 30-fs pulsesfrom the intense200-fs SASE pulses.l.e.,
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Table2
Parameter®f the sideband-seeded¢ray SASEFEL

Radiatorundulator
Type planar
numberof periods 150
period,cm 2.73
peakfield, T 0.51
externalbeta-functionm 1.7

Outputradiationaftermonochromator
wavelength,nm 10-40
min. pulseduration,fs (FWHM) 30
numberof photosper pulse 10!
spectrumwidth, % (FWHM) 0.5

appearingpf X-ray pulseat the sidebandrequeng will indicatethatthe seedop-
tical pulseis overlappedwith the centralpartof the electronbunch.Moreover, this
alsoindicateghatthe seedopticalpulseandoutputfs X-ray pulsearesynchronized
with anaccurayg betterthan30fs.

Pumpprobetechniquesvhicharecommonlyusedwith opticallasersarehighly
desirablein orderto make full useof the femtosecondaoft X-ray pulses.Sincein
this caseprecisdiming is neededvith ajitter of lessthan30fs, we suggesto com-
bine the femtosecondsoft X-ray pulseswith optical pulsesgeneratedn the seed
lasersystemlIt shouldbe emphasizedhatin proposedschemdemtoseconX-ray
pulseis naturallysynchronizeavith hisfemtoseconapticalpulseandcanceijitter.

Tables1-2list someof the basicparametersf the undulatorsseedasersys-
tem,monochromatoandoutputradiation.For fs facility at TTF, amonochromator
andbeamlineoptics,with anoverallefficiency of 10% (30 % gratingefficiency and
five glancingincidencemirrorsat 0.8 reflectvity each)canbe usedto obtainreso-
lution Aw/w = 0.5 % . Thefemtosecon®ASEFEL will provide soft X-ray pulses
with 30fs (FWHM) duration.The averagenumberphotonsat the monochromator
exit canexceed10*! photon/pulseThe femtosecondacility at TTF is designedo
be tunablein the photonenegy range25-100eV. Analysisof the practicallimit
for the achievablepulsedurationhasshown thatthe outputX-ray pulsedurationis
limited by theopticalpulseduration.A practicallimit for achievablepulseduration
of Ti:sapphirdasersystemis about10fs.

3 FEL Physicsand Simulations

Fromtheverybeginningof this sectionrwe combineall theconditionssufiicient
for the effective operationof a fs SASE FEL. During the passage¢hrougha long
main SASE undulatorthe electrondensitymodulationat optical wavelengthcan
be suppressetby enegy spreadin the electronbeam.For effective operationof
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thefs FEL enepgy spreadsuppressioiactorshouldbe closeto unity. This leadsto
following condition:

((AE)*) Liyywop/ (2¢™71€5) < 1.

where/((A€)) is the standartenegy deviation, v, = /(1 + K, /2)"/? is the
longitudinalrelatvistic factor K5y and L) is the undulatorparameteandundu-
lator length,respectrely, the subscript(2) refersto themainundulator Thechosen
parameter$or the SASEFEL andthe seedasersystemsatisfythis condition,and
to make preserationof the beamdensitymodulationin the caseof the TTF SASE
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Fig. 4. Enegy modulationof the electronbeamat the exit of the modulatorundulator
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Fig. 6. Evolution of theradiationpulsein theradiatorundulator In theleft plotswe present
total pulse,andin the right plots — spectrallyfiltered at the sideband.The length of the
radiatorundulatoris equalto 3, 4 and5 m for upper middle andlower plots, respectiely.

FEL parameterss possible.

In whatfollows we usethefollowing assumptionsug > wepy > Awsask. We
alsoassumehat Awsasg > 1/7opt > 1/7.. Herer,,, andr, is the seedoptical
pulseand electronpulseduration, respectrely. Suchassumptionglo not reduce
significantly the practicalapplicability of the resultobtained.Let us considerthe
first condition. It is obvious that the parametetv, /wo is muchlessthan unity
for X-ray SASEFEL. We alsoassuméhatthe SASEbandwidthis muchlessthan
theseparatiorof thesideband$érom themainpeak.Thisrequirements of acritical
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Fig. 7. Evolution of the spectraldistribution of the outputradiationpower in the radiator
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—in thelinearscale.Thelengthof theradiatorundulatoris equalto 0, 3 and5 m for upper

middleandlower plots,respectiely.

importanceo theoverallperformancef thefs SASEFEL. In thiscasemonochro-
matorcanbe usedto distinguishthe fs pulsesfrom the intenseSASE pulses.The
presentstudy assumesvavelengthof seedlight to be very long comparedo the
SASE radiationwavelength.Underthis limitation we neglectthe gradientof den-
sity andenepy within the SASEradiationwavelengthat the entranceof mainun-
dulator Dueto thisreasorit is alsocorvenientto describeeffect of theenegy and
density modulationnot by enepgy-phasedistribution function, but by periodical
bunch profile and periodically correlatedenegy spread.The physicalinterpreta-
tion of approximationAwsase/wept <K 1 is thatthe slippageof the radiationwith
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respectto the electronsper gain length (in the SASE FEL) is muchlongerthan
the seedlaserwavelength.Let us considerthe secondcondition.It is obviousthat
thefs FEL hasadwantageover corventionalSASEFEL only whenelectronbunch
is muchlongerthanthe seedlaserpulse.The physicalinterpretationof condition
Awsase > 1/74p is thatthe optical pulseis muchlongerthanthe slippageof the
radiationwith respecto theelectronsat onegainlength.

Weiillustrateoperatiorof afs optionof FEL for parametersf the TTF FEL op-
eratingatthewavelengthof 20 nm. Parameter®f the opticallaserare:wavelength
400nm, enegy in thelaserpulse6 ©J,andFWHM pulseduration25fs. Thelaser
beamis focusedontotheelectronbeamin a short(five periods)undulatorresonant
atthe opticalwavelengthof 400 nm. Optimal conditionsof focusingcorrespondo
the positioningof the laserbeamwaistin the centerof the undulator The size of
thelaserbeamwaistis twice aslarge thanthe electronbeamsize.Dueto thereso-
nantinteractionof the electronbeamwith opticalfield in theundulatortheelectron
beamis modulatedn the enepgy asit is shovn in Fig. 4. Uponleaving the modu-
lator the electronbeampasseshe dispersionsection,is modulatedadditionallyin
thedensity(seeFig. 5), andis directedto an X-ray undulator

Parametepptimizationhave beenpreformedwith three-dimensionatime-dependent
codeFAST [2] takinginto accountall physicaleffectsinfluencingthe FEL ampli-
fier operation(diffractioneffects,enegy spreademittanceslippageeffect, etc).In
[3] we discussedhe modificationof codeFAST requiredto carry out the clcula-
tions of the sidebandyenerationThe resultsof optimizedconfigurationof 20 nm
sideband-seedeamption of SASEFEL atthe TESLA TestFacility aresummarized
in Table3. Initial conditionsfor the seededidebandchave beenfixed with general
case,.e. the slice of the electronbunchis modulatedin enegy andin densityat
theentrancedo the X-ray undulator(seeFigs..4 and5). Optimallengthof themain
undulatoris given by the conditionof maximumspectralpurity of the sideband.
In the caseunderstudy optimal length of the main undulatorshouldis equalto
10 m. Figures6 and7 show the evolution of thefs radiationpulseandthe spectral
distribution of the outputradiationpower in the sidebandadiator Analysisof the
spikesof thecompleteradiationpulse(plotsin theleft columnof Fig. 6) shavsthat
the radiation,producedn the main undulator doesnot interactwith the electron
beam.Only thatslice of the electronbunch,seededy the sidebandproduceghe
radiation.Cut structureof the spikesof the centralpart of the beamis dueto the
interferenceof the radiationform the main undulatorwith frequeng w andfrom
thesidebandadiatorwith frequeng w — wop. After 5 m long sidebandadiatorthe
radiationpowerin fs pulserapidly reacheshelevel of afew GW, andtheenegy in
thefs pulsereacheshevalueof about30 i.J. Totalundulatodengthof the sideband
seedeSASEFEL is aboutl5 meters.

In conclusionto this sectionwe shouldnotethat calculationsof the radiation
power have beenperformedfor the caseof anideal monochromatonn the wave-
lengthrangeof 10—40nm the monochromatoefficiency is about10 percentonly,
so the radiationpower availablefor userexperimentsis roughly by one order of
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magnituddessthanthatshown in Figs.6 and7.
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Severalexperimentsareplannedatthe TESLA TestFacility usingelectro-opticsamplingfor determininghetemporalprofile
of the electronbuncheswith a resolutionin the 100fs regime. In thefirst stepcoherentransitionradiationin the THz range
will beutilized to comparethe direct (time-domain)determinatiorof the longitudinalbunchstructurewith the interferometric
(frequeny domain)method. In the next stepthe electro—opticsensowill be mountedinside the beamvacuumchamberfor
probingthe Coulombfield carriedby thebunch.A 15fs Ti:Salaserwill beusedto probethebunchfield by differentialoptical
gating. Thehigh bandwidth(60 nm) of thelaserpermitsalsosinglebunchmeasurementsy usinglinearly chirpedlaserpulses.
Theexperimentaketupis describedandfirst resultsarepresentean the synchronizatiorof the Ti:Salaser runningat 81 MHz
repetitionrate,to the 1300MHz RF frequeng of thelinac.

1. INTRODUCTION tancefrom theaxis. Thesynchronizatiorbetweerthe
bunchesandthe ultrashortlaserpulsesis a challenge
which can be greatly relieved by applying a linear
chirp of 5 — 10 psto the probelaserpulse. There-
sulting time—frequeng correlationallows to encode
thetime-varyingelectricfield of therelatwvistic bunch
into thefrequeng-dependenglliptical polarizationof

The TTF Free Electron Laser currently achieves
wave lengthsbelov 100 nm and will soon be ex-
tendednto thesoft X ray regime. To achieve thehigh
peakcurrentsneededn the SASE processhe elec-
tron bunchesmustbe compressedo sub-picosecond

Iength, hencean ultrafast(_sliagnos'_[icsis needed.The the chirpedlaserpulsewhich canbe recoeredby a
technlqueof glg(.:tro—opnlcsamplmg (EO,S) [1] of- diffraction gratingand a CCD camera. It hasbeen
fers this possibility: the time profile of picosecond recentlydemonstratedt the FELIX thatthis method

THz radiation pulsescan be determinedby passing allows single shot measurementsf high resolution
them througha non-linearoptical crystal like ZnTe [3].

where they induce a birefringenceproportional to
the electric field. This birefringenceis then sam-
pledwith a polarizedfemtosecondaserpulse. In an 2. EXPERIMENTAL SETUP
electronlinac the THz pulse can come either from
coherenttransition radiation or from the Coulomb
field co-moving with the relativistic bunch[2]. Non-
destructve bunch length measurementare possible
by using a diffraction radiation screenwith a cen-
tral slit for beam passageor by placing the ZnTe
crystaldirectly into the beampipe at a few mm dis-

The experimentaketupusedfor thefirst testsis lo-
catedbehindthe TTF undulator Coherentiffraction
radiation (0.1 — 1 THz) from an aluminizedscreen
with a centralslit is passedhrougha wire grid split-
ting it into two polarization components. One of
theseentersaMartin—Pupletinterferometewvhile the
other is focusedonto a 0.1 mm thick (110) ZnTe
. _ o _ crystal. The pulsesfrom a 15 fs Ti:Sa laser[4] are
Bse:Eﬁgﬁi?gbgrrf?&%%%fﬁggg dg?g? ﬁgfn;ergh”'k von guidedthroughthe ZnTe crystal parallelto the THz

T Presentaddress:Brookharen National Laboratory Upton, N.Y pulse. The remainingpartof the experimentr_esem-
11973 blescloselythe standardsetupfor electro—opticsam-

60



pling in THz spectroscop [1] and will not be de-
scribedin this shortnote.
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Figurel. Radialelectricfield strengthsof transition
radiationandfrom therelativistic Coulombfield. The
trans\ersedistributionis shovn in theleft partandthe
temporalonein theright partfor 1 mmdistanceo the
symmetryaxis.

For anestimatiorof theelectro-opticeffectin ZnTe
the strengthof the electric fields must be known.
Theradialfields, computedor anelectronenegy of
230MeV, a bunchchage of 1nC, andanrmsbunch
lengthof 0.5ps, areplottedin fig. 2. The peakelec-
tric field amountsto 24kV/mm for transitionradia-
tion in theimageplaneof thetransportielescopeand
to 8kV/mm for the Coulombfield at 10mm distance
to the electronbeam. The resultingphasedifference
betweenthe ordinary and extraordinarylaserray for
a100pm long ZnTe crystalis 0.3radand0.1rad, re-
spectvely.

Thelaseris mountedon anvibration—dampeapti-
caltableoutsidethe acceleratobuilding. Theoptical
transporis actively stabilizedwith a piezo—controlled
mirror and restrictsthe positionaljitter of the laser
beamon the ZnTe—crystalto lessthan 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
frequeng is synchronizedo the 1.3GHz frequengy
of the linac by meansof a phaselocked loop. The
measuredohasejitter is plottedin fig. 2. The rms
time jitter derivedfrom this measuremeramountgo
0.75ps. This valueis sufficiently smallto provide a
goodtemporaloverlapbetweena chirpedlaserpulse
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andthe THz signalfrom the bunchedelectronbeam.
It mayevenallow to applytheprincipleof differential
opticalgating[5].
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Figure2. Measuredphasejitter of Ti:Sa laserwith
respecto 1.3GHzlinacfrequeng.
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Abstract

In this paperwe describethe radiationdetectorfor a nondestructie measuremenof
VUV radiation.Detectorconsistsof a thin gold wire scatteringtiny fraction of the SASE
FEL radiationonto a micro-channeplate (MCP). Sucha simple systemmeetsall the re-
guirementdor the VUV radiationdetectorlts dynamicrangefor intensitymeasurements
coversup to eightordersof magnitudewhich ideally fits the operatingrangeof a SASE
FEL. Thedescribeddetectoris usedin the RAFEL experimentbeingunderpreparatiorat
the TESLA TestFacility at DESY.

1 Introduction

The Reggeneratre FEL Amplifier (RAFEL) project[1,2] is underdevelopment
atthe DESY TESLA TestFacility. Realizationof this projectwill allow to increase
the brilliance of the outputradiationby two ordersof magnitudewith respectto
single-passchemendobtainthelight sourcewith laserlike characteristicsThis
becomegpossibledueto installationof narrav-bandopticalfeedbacksystemin the
high-gainFEL amplifier The baseof the opticalfeedbacksystemat TTF is equal
to 66.5m (half the distancebetweentwo electronbuncheswhenthe accelerator
is operatedn a 2.25MHz multibunchmode).Layoutof RAFEL at TTF is shovn
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Fig. 2. Schemeof non-destructie radiationdetector

in Fig. 1. The RAFEL operatesasfollows. Thefirst bunchin atrain of up to 1800
bunchesamplifiesshotnoiseandproducesntense put wide-bandadiation A frac-
tion of theradiationis back-reflectedby a mirror. The sphericalgratingin Littrow
mountingwhichis installedin a straightsectionin the electronbunchcompression
areabetweenthe first andthe secondacceleratomodule,disperseshe light and
focusesa narrov bandof radiationbackon the entranceof the undulatorto seed
next electronpulse.After severalround-tripsoutputradiationspectrumapproaches
transform-limitedwidth andoutputpower reachesaturatiorlevel.

Specificfeaturesof the TTF FEL do not allow usto useits photondiagnostic
systemfor monitoring an optical beamat operationin the RAFEL modewhich
forcedusto developcompactnhondestructie diagnosticof VUV radiation.At the
momentsuchdiagnostichasbeendevelopedandsuccessfullyestedat TTF FEL.
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2 Principle of operation

Principle of nondestructie optical beammonitoringis illustratedin Fig. 2.
A thin (0.25mm in diameter)gold wire is installedin front of eachoptical ele-
ment (mirror or grating). A tiny fraction of the incidentradiationis reflectedin
trans\ersedirectionanddetectedoy a micro-channeplate(MCP). The MCP con-
sistsof a large numberof thin conductve glasscapillarieswhich work asan in-
dependensecondary-electromultipliers andform a two-dimensionakecondary
electronmultiplier asa whole. We usethe MCP of F4655-typemanuficturedby
the HamamatsCorporation.Thesedevice is directly sensitve to UV/VUV radia-
tion with high detectiorefficiency. TheMCP amplificationcoeficientcanbeeasily
tunedin awide rangeby changingpower supplyvoltagewhichis appliedto MCP
assembly Thesefeaturesmake an MCP a perfectdetectorfor monitoring VUV
radiationgeneratedy TTF FEL.

Specificfeatureof MCP is nonlineardependencef the gainon the voltageap-
plied, sospecialefforts have beendirectedfor calibrationprocedurg§manutcturer
of MCP doesnot provide the calibrationcharacteristicsvith requiredaccurag).
Calibrationof MCP gain hasbeenperformeddirectly atthe TTF with VUV inco-
herentradiationfrom the TTF FEL undulator Thestability of this sourceis mainly
givenby fluctuationsof the bunchchage andwasabout5% rmsduring calibration
run. Time durationof oneradiationpulseis aboutone picosecondThe intensity
of radiationwaschangedy meansof changingthe bunchchage andinsertingof
diaphragmsvith differentaperturébetweerthe TTF FEL undulatoranddiagnostic
chamberLocal gain characteristicsvere measuredt differentlevels of radiation
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intensitiesandthengeneralgain curve wasreconstructedh a wide rangeof MCP

power supply voltages.An absolutesettingof MCP gain was performedin the
regime of single photondetection.In the region of lower power supply voltages
thesedataweresupplementeavith similar measurementgserformedby meansof

Xe flashlamp. The gaincurve outsidecalibratedregion wasextrapolatedrom ex-

perimentalpoints. Generalgain characteristiof MCP-basedletectoris shavn in

Fig. 3. It is seenthatdetectoris capableo monitortheradiationin thewholerange
of SASE FEL operationup to saturationlevel (betweensix and seven ordersof

magnitudewith respecto thelevel of spontaneousmission).Thecircle atthegain
curvein Fig. 3isareferenceointcorrespondingo theenegy of theradiationpulse
of spontaneousdiationfrom TTF FEL undulator(aboutl nJwithin coherent@an-
gle) atthebunchchage of 1 nC andenegy of 230MeV. Suchabsolutecalibration
givesus the possibility for absolutemeasurementsf the radiationenegy in the
radiationpulses.

3 Experimental results

The MCP-basedhotondetectorsareinstalledin both RAFEL chambersand
are in operationat the TTF FEL during one year Our experienceshows that at
normaloperatingegimeof theacceleratothebackgroundelectronbeamanddark
currentlossesalmostdoesnot disturbsignalwhich allows usto monitorvery low
levelsof VUV radiationintensities For example , we candetectsimultaneouslyhe

20 T T T T T T T T T T

15 .

10 . i}

E [nJ]

0 2 4 6 8 10
T [us]

Fig. 4. On-line monitoring of the radiationat TTF FEL. The circlesrepresent train of
radiationpulsesproducedoy TTF FEL. Solid curve is averageover mary macropulses.
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Fig. 5. Photoof radiationdetectorunit installedatthe TTF accelerator

direct SASE radiationpulsefrom undulatorandthe samepulse passecomplete
round-tripin the optical feedbacksystemof the RAFEL [2]. Thisis very effective
tool for final alignmentof optical elementsof the RAFEL. Our experiencealso
shows that use of MCP-baseddetectorsignificantly simplifies tuning the SASE
regime, sinceit detectsreliably very smallincreaseof the radiationintensityat a
level of afew percentat normalizationof the signalto the bunchchage.

At themomentMCP-basedletectorinstalleddownstreanthe undulatoris rou-
tinely usedfor on-line monitoringof SASEFEL radiationandallows oneto mea-
suretheenegy of individualradiationpulsesFigure4 illustratestypicalmacropulse
of the TTF FEL operationat 2.25 MHz. The relative accurag of thesemeasure-
mentds betterthan5%. Oneshouldnotwonderthatlargefluctuationsof thebunch-
to-bunchradiationenegy occur Theses intrinsic propertyof the single-pas$EL
amplifierstartingfrom shotnoise.The useof sucha precisetool asMCP-baseda-
diation detectomgave usthe possibilityto performprecisestudyof statisticalprop-
ertiesof the SASEFEL radiation[3].

During lastshutdavn we installedan additionalradiationdetectorunit (RDU)
in front of theundulator(seeFig. 5). The purposeof this detectoris alignmentand
monitoringtheseedingadiationpulseattheundulatorentranceThis unit alsouses
thin reflectingwire andMCP detector Thewire is placedhorizontallyandis mov-
ablein verticaldirectionwithin 20 mmwith respecto theaxisof theaccelerator
With this device we canmeasuresimultaneoushgignalscorrespondingo theelec-
tronbeampulse radiationpulsepropagatingrom themirror attheundulatorexit to
thegrating,andtheseedingpulsereflectedrom grating.This becomegpossiblebe-
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causall thesepulsesareseparateth time. Scanningwith awire givesusaveraged
spotsizeandpositionsof the electronbeamandthe radiationpulses Background
conditionsat thelocationof RDU arequite moderateor performingprecisemea-
surementsOne of the resultsis first experimentalverificationof the fundamental
featureof the SASEFEL radiation:fluctuationsof the radiationintensityafterthe

narrov-bandmonochromatofollows negative exponentialdistribution [3].
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Abstract

In this paperwe describeopticalfeedbacksystemof VUV Regeneratie FEL Amplifier
(RAFEL) at the TESLA TestFacility at DESY. The aim of the RAFEL experimentis to
constructiully coherentfunableVUV radiationsourceby meansof applyingnarrav-band
opticalfeedbackin the VUV SASEFEL operatingcurrentlyat DESY. Oneof the problem
of therealizationof theRAFEL is severerequirement$or theangularstability of theoptical
elementgaboutfew microradians)This problemhasbeensolved by meansof installation
of active alignmentsystemwith referencdaser Anotherproblemis alignmentof optical
elementsseparatedy 65 meterswithin complicatedexperimentalconditionsconnected
with aperturdimitations (down to 6 mm). This problemhasbeensolvedin two stepsPre-
liminary alignmentwith an accurag of about80 microradianshasbeenperformedwith
laseralignmentsystemandOTR screensusedatthe TTF acceleratofor electronbeamdi-
agnosticsFinal alignmenthasbeenperformedwith VUV SASEFEL radiation.Measured
feedbaclkcoeficientis aboutl percentandis in agreementvith designedralue.
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1 Intr oduction

A VUV/soft X-ray SASEFEL (self amplifiedspontaneousmissionfree electronlaser)is
being underconstructionat the TESLA TestFacility at DESY [1,2]. At the momentPhasd
of the TTF FEL facility is in operationcontinuouslycovering wavelengthrangebetween80
and180nm [3,4]. DespiteSASEFEL is capableto provide muchhigherpeakbrilliance than
synchrotrorradiationsourcesit still possessea high potentialfor its furtherincreaseMainly
brilliance of the outputradiationfrom the SASE FEL is limited by poor longitudinal coher
enceof the radiation:it consistsof a large numberof statisticallyindependentvavepaclets.
This is naturalconsequencef the start-upfrom shotnoiseof the FEL amplificationprocess.
An improvementof the longitudinalcoherences possibleonly whencoherentadiationfrom
externalsourceis fed to the undulatorentranceThe power of the seedradiationmustexceed
significantlyeffective power of shotnoisein the electronbeamin orderto obtainfully coherent
radiationattheexit of theFEL amplifier Oneof thesolutionsof theseedingproblemexploitsan
approaclof regeneratre FEL amplifier[5] with narrav bandopticalfeedbacK6]. Our previous
studieshave shavn that RAFEL might be anideal sourceof powerful, tunable fully coherent
UV/VUV radiationwith laserlike characteristicsExpectedparameter®f RAFEL option of
RAFEL atthe TESLA TestFacility at DESY arepresentedn Tablel.

Tablel
VUV Regeneratie FEL amplifierat DESY

Electronbeam
Enegy 180-260MeV
Chageperbunch 1nC
Peakcurrent 500A
Bunchseparation 444ns
Undulator
Period 2.73cm
Peakmagneticfield 0.497T
Feedbaclsystem
Distancebetweermirrors 66.4m
Monochromatoresolution 5 x 1075
Total transmission 5x 1074
Radiation
Wavelength 80-140nm
Micropulseduration(RMS) 500fs
Peakoutputpower 300MW
Averagepower upto25W
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2 Facility description

Generalayoutof RAFEL optionatthe TESLA TestFacility is shovn in Fig. 1. Theinstal-
lation of the feedbackis greatlyfacilitatedby the factthatthereis free spaceavailablefor the
opticalcomponentstexactly half thedistanceébetweertwo electronbunchesvhentheacceler
atoris operatedn a2.25MHz multibunchmode.The optical systemconsistof a mirror anda
grating.Becaus@necanuseoptical componentsvith goodreflectvity nearnormalincidence,
SiC appearso beparticularlywell suitedfor theenegy rangeof thePhaséd facility. This mate-
rial hasexcellentthermalpropertiesuchthatsurfacedistortionsby theaverageabsorbegower
arenggligible. A simple,fartoo pessimistiestimateshavsthatthehigh peakpower shouldalso

Accelerating

Dipole
chamber g\ BC2 Dipole EXP1  chamber
H ST al
(AR

Fig. 1. Generalayoutof regeneratie FEL amplifieratthe TESLA TestFacility. Herel is mirror assem-
bly, and2 is gratingassembly
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Fig. 2. Mirror (left) andgrating(right) assemblymountedatthe TTF accelerator

not posea seriousproblem.If theenegy absorbeder pulseweretransformednto heatwithin
the sameabsorptionvolume,the temperaturavould increaseby about1000K — far too little
to causdaserablation.

The RAFEL at the TESLA Test Facility operatesas follows. The first bunchin a train
of up to 1800 bunchesamplifiesshotnoiseand producesntense,but wide-bandradiation.A
fractionof theradiationis back-reflectedby a planeSiC mirror. Thesphericalratingin Littrow
mountingwhichis installedin astraightsectionin theelectronbunchcompressiomreabetween
the first andthe secondacceleratomodule,disperseshe light andfocusesa narrav bandof
radiationbackon the entranceof the undulator

At presenall RAFEL equipmenis installedatthe TTF acceleratont consistsof threeele-
ments:mirror assemblyinstalled14 metersdownstreanthe undulator),gratingassembly(in-
stalledin thebunchcompressoarea,35 metersupstreanthe undulator),andradiationdetector
unit (installedé metersupstreantheundulator) Figuresl and2 shav themirror andthegrating
assembhat TTF acceleratorEachassemblyconsistof a vacuumchambeyra setof translators
andarigid support.The opticalelementgmirrorsandgratings)arefixedfirmly insidethe vac-
uum chambersThe tuning of the optical elementds provided by meansof translationof the
wholevacuumchamberThechamberareinstalledon thetranslatoraving sufficientnumber
of degreesof freedom.

The vacuumchambershave similar design.A plane SiC mirror and radiation detectors
(MCP andphotodiode)are mountedinside the vacuumchamberof the mirror assemblyTiny
fraction of radiationis scatteredo the detectordoy a thin gold wire or wire grid, thusprovid-
ing the possibility of non-destructie monitoring. The following elementsare mountedinside
the vacuumchamberof the gratingassemblya curved SiC mirror, curved grating,an optical
prism,andradiationdetectorsThe designof the gratingvacuumchamberllows oneto move
all the elementsout of the beamaxis, thus providing sufficient aperturefor the electronbeam
transportin the modeof the TTF Linac operationwithout bunch compressog (BC2). Each
vacuumchambethasa viewport for laserpre-alignmenbf the optical elementsDuring recent
shutdavn we installedadditionallynon-destructie monitor of the radiationin front of the un-
dulator[7] which allows usto detectpositionof thelight beamandto measurehe spectrumof
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theradiation.

In orderto minimize effort andrisk, the optical systemhasbeensimplifiedasmuchaspos-
sible, particularlyin orderto facilitatethe alignmentandstability of the systemat a distanceof
66.4m betweermirror andgrating.Eachassemblyis equippedwith anactive laseralignment
systenfor stabilizationof angularpositionof thevacuumchambersimilarto thatusedat Duke
University[8]. Theactive alignmentsystenprovidesaccurag of measuremenisf angledevia-
tionsof afractionof microradiansSpecialefforts weredirectedto avoid mechanicatesonances
in orderto keeposcillationamplitudesarounda microradianevel (seeFig. 3).

3 Alignment of the RAFEL components

3.1 Suppression of angular oscillations

Oneof theproblemdor RAFEL designwasthatof tight requirementsor stability of optical
elementsThedistancefrom the gratingassemblyto the undulatorentranceas of about35 me-
ters.Thespotsizeof theradiationattheundulatorentrances of aboutl mm, andthetrans\erse
sizeof theelectronbeamis of about0.1-0.2mm. Trans\ersespacgitter of theelectronbunches
andtrans\ersewalk of the optical pulsepositionat the undulatorentrancewill leadto there-
ductionof their overlapanddegradationof RAFEL operation.Tolerancefor the off-axis walk
of the optical pulseis of about0.2 mm, or about5 microradiandor angularstability of optical
elements Angular motion of the optical elementsconsistsof two contribtutions. The first one
arebroad-banandrelatively fastoscillationsexcited by industrialnoisein thetunnel.Figure3
shows thetime structureandprobability distribution of fastoscillations.It is seenthatthey are
within tolerablelimit. Long-termobsenationshave shovn thatfastoscillationsoccuronthetop
of slow variationof averageangulampositionwith typical time scaleof few hours.Slow angular
deviationsare causedmainly by temperaturevariationsinside the tunneland groundmotion,
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Fig. 3. Angular oscillationsof the gratingchambei(left) andprobability distribution of the angledevia-
tion (right). Solid line ontheright plot presentdRayleighprobability distribution with o = 0.96 urad
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Fig. 4. Laserpre-alignmenbf RAFEL opticalelementsPlots(a) and(c) referto alignmentof elements
in the gratingassemblyand plots (b) and (d) illustrate alignmentprocedureof elementsn the mirror
assembly

andmayreachthevalueof aboutfew tensof microradiansThis slow walk is suppressefy the
activelaseralignmentsystenmentionedabove. As aresult, RAFEL elementsarekeptstabilized
with anaccurag betterthan5 microradians.
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Fig. 5. MCP signalin the mirror chamberFirst peakis SASE pulse.Secondpeakis the sameSASE
pulseaftercompleteround-tripin the opticalfeedbacksystem Pulseseparations 444 ns

3.2 Alignment procedure

Specificproblemsof pre-alignmenof opticalelementof theRAFEL at TTF areconnected
with long baseof opticalfeedback66.4m) andaperturdimitationsof vacuumchamber9 mm
in the undulatorand6 mm in the collimator at the undulatorentranceUndertheseconditions
the optical elementanustbe pre-alignedwith anaccurag betterthan80 microradiansDueto
spacdimitation problemin the TTF tunnel,pre-alignmenprocedurehasbeenperformedwith
laserbeamspropagatingn the vacuumchamberTwo alignmentlasershave beeninstalledat
eachassemblyseeFig. 4). Helpful factorfor visualtracingthelaserbeamin thenarrov vacuum
chambemasthe presencef opticaltransitionmonitorscreensisedatthe TTF for obsenation
of electronbeam.Thesescreengremanugcturedof athin captarfilm coveredby anAl layer,
andaresemi-transpareriior laserlight. Alignmentproceduréhave beenperformedn two steps.
First, we alignedthe mirror in BC2 area(seedrawving (a) in Fig. 4). The beampassedhrough
thewholedistancebetweemmirrors,reflectedoackfrom themirror in the gratingassemblyand
is detectedhfterthe beamsplitter (seephoto(c) in Fig. 4). This techniqueguaranteesbtaining
of requiredpre-alignmentccurag dueto long basepassedy referencebeam(130 m) with
aperturdimitation of 6 mm. At the secondstageplanemirror in themirror assemblhjhave been
alignedusingreferencdaserbeamfrom thelaserinstalledin thegratingassemblyseedraving
(b) in Fig. 4). At this alignmentstagewe madethe useof autocollimationtechniquewith small
apertureinstalledat the path of the laserbeam5 m in front of the mirror. Photo(d) in Fig. 4
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shows the final view of back-reflectedight on the rear surfaceof the aperturefor alignment
accurayg of the planemirror of about80 microradians.

Final alignmentof the mirrors hasbeenperformedwith SASEFEL radiation(seeFig. 5).
VUV radiation,generatedn the undulatorreachegplanemirror in the mirror assemblyA non
destructve radiationmonitor [7] detectghe radiation(left pulsein the oscillogram).Thenre-
flectedradiationpropagateso the mirror installedin the gratingassemblyreflectedback,and
is detectechgainin the mirror assemblysecondpulsein the oscillogram).Measuremendf the
efficiengy of the opticalfeedbaclgivesthe valueof about1%.

4 Presentstatus

At themomentwefinishedtrans\ersealignmenif theopticalelementsRAFEL experiment
is in the progressThe mainproblemwhichis solvednow is alignmentof thelongitudinalbase
andtuningthe acceleratoto reducetime andtrans\ersespacgitter of the electronbunches.
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Abstract

RF linearacceleratowith athermionicgunanda subharmoniduncheris provento be
reliabledriver for FEL oscillatorsoperatingin a wide wavelengthrange from far infrared
down to 278 nm (FELI, Osaka).However, relatively large value of the normalizedemit-
tance,, ~ 20 — 300 mm-mrad,preventsto reachshorterwavelengthdueto sharpdrop
of the netgain. In this paperwe describea conceptof an UV FEL oscillatoroperatingat
an ultimately shortwavelength,down to 150 nm. Driving beamis producedby rf linear
acceleratowith thermionicgun andcorventionalsubharmoniduncher(peakcurrent50-
60 A, rms pulselength 2.4 mm, rms enegy spreadl50 keV, rms normalizedemittance
30 smm-mrad).At the enegy of about100 Mev the driving beamis compressedh the
magneticbunch compressgqrthenacceleratedurther up to the enegy of about300 MeV
anddrivesFEL oscillator Increasenf thenetgaindueto the high valueof the peakcurrent
compensategaindegradationdueto the enegy spreacandemittanceeffects.As aresult,
thenetgainbecomedo be about40-50%at the wavelengthof about150nm. This valueof
thegainis sufficientto achiere saturatiorwithin relatively shortrf pulseduration,of about
5 microseconds.

1 Introduction

The project DELSY (DubnaELectronSynchrotron)is being underdevelop-
ment at the Joint Institute for Nuclear Researcl1-3]. It is basedon an accel-
erator facility donatededo JINR by the Institute of Nuclearand High Enegy
Physic§NIKHEF, Amsterdam)Qriginally thisfacility hasbeendesignegndused
for nuclearphysicsexperimentd4]. The NIKHEF linearacceleratqgrcalledMEA
(Medium Enegy Accelerator) wasdesignedoy the HaimsonResearctCorpora-
tion (USA) in 1969-1974 puilt in 1975-1978 andcommissionedn 1978.Design
of the MEA acceleratois similar to that of SLAC linear acceleratoat Stanford,
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USA. The electronstoragering AmPS (the AmsterdamPulseStretcherhasbeen
put in operationin the early 1990s,and sened as a pulse stretcherfor nuclear
physicsexperimentsAt presenthemostfractionof the NIKHEF facility hasbeen
transferredto Dubna.Thoroughanalysisof possibilitiesof available facility and
of recentprogressn acceleratotechniquesasshawvn thatit would be possibleto

build in Dubnaa universallight sourceconsistingof thefollowing components:

(1) Comple of free electronlaserscovering continuouslythe wavelengthrange
from farinfrared( 150xm) downto UV ( 150nm) andfarinfraredcoherent
radiationsource[5] capableto generaténigh power radiation(up to 100 MW
peakandup to 50 W average)in the wavelengthrangefrom 150 ym up to
1mm;

(2) DELSY storageing;

(3) VUV/soft X-ray free electronlaserwith minimal wavelengthdown to 5 nm
(SASEFEL - Self Amplified SpontaneouEmissionFreeElectronLaser).

In accordancevith this conceptthe constructionof the DELSY facility will
proceedn threephasesAn ultimategoalof thefirst stages to constructacomple
of coherentadiatorscoveringcontinuouslythewavelengthrangefrom 1 mmdown
to 150nm.Tablel presentgieneraparametersf coherentadiatorglannedor the
Phasel. All theequipmentanduserfacility will be placedinsideexistentbuilding
with total lengthof about230 meters.The groundfloor is occupiedby the tunnel
equippedwith radiationshielding.Technicalsystemsanduserlaboratorieswill be
placedattheupperfloor.

Thegeneratoref coherentadiationwill be drivenby the electronbeam(1 nC
bunchchage,50 A peakcurrent,10 ps pulseduration,30mr mm-mradnormalized
emittance)producedby the linear acceleratoupgradedwith by subharmoniaf
buncher Theseparametersf the beamare sufficient for driving the FEL oscilla-
torsof infraredandopticalwavelengthrange An importantfeatureof the DELSY
projectis thatit is aimedto producethe radiationwith much shorterwavelength
(downto 150nm)with respecto thepresentvorld record(270nm) for linac-driven
FELSs. This breakthroughs possibledueto applicationof the bunchcompression
technique.

2 Parameter optimization

Optimizationstrateyy for FEL oscillatorinvolvesjoint optimizationof the cav-
ity andundulatorparametersenegy of electronsand electronbeamfocusing.lt
is not a big problemto optimize an FEL oscillator operatingat fixed wavelength
(seee.qg.,refs.[6,7]). Therulesof optimizationof alow-gainoscillatoraresimple.
The optimumRayleighrangeof the cavity shouldbe of abouthalf of the undula-
tor length. The electronbeamshouldbe focusedin the centerof the undulatorin
suchaway, thatthe sizeof theelectronbeamandthe opticalbeamspotsizeshould
be roughly equal.Optimizationfor maximaloutputpower is performedoy means
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Tablel
FEL parametelist for DELSY project

Units Gl G2 G3 G4
Electronbeam
Enegy MeV 30-60 30-70 50-110 120-280
Bunchchage nC 1
Peakcurrent A 50-70 150-250
Bunchlength(rms) mm 2.4 0.5-0.8
Normalizedemittancerms) mm-mrad 30
Enegy spreadrms) 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 55 4 3.2
Numberof periods # 35 40 60 80
Beta-function m 2-3 16-25 16-25 1.6-25
Cavity
Length cm 756.3
Rayleighlength cm 140-150
Total cavity loss % 35-65 3.2-7 3265 25-3
Radiation
Radiationwavelength wm 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
Micropulseenegy ud 50-200 25-100 25-100 50-100
Micropulseduration(FWHM) ps 10-30 10 10 3-5
Spectrunbandwidth(FWHM) % 0.2-04 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 theenegy
spreacandemittancethefollowing conditionsmustbefulfilled: Avy/vy < 1(2N,),
ande, /vy < A/4r [8,10-12].The enegy spreadfalls linearly whenthe enegy is
increasedsothis effectis moreimportantfor longwavelengthFELSs. Situationwith
the emittancecontribution is anoppositeone:FEL wavelengthdropsquadratically
with enegy, while the geometricalemittancefalls only linearly. It shouldbe no-
ticedthatdespitetheabore mentionedimitationsarenotvery strict (in somelimits
situationmaybe correctedyy increaseof thegain),they shav aclearideathatwith
given parameter®f the electronbeamthereis a limit on the minimal achiezable
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wavelengthat reasonabl@arametersf the undulator(i.e., peakfield andperiod).

Simpleoptimizationstrateyy describedbove givesonly aroughideaaboutthe
region of FEL parameterssincea lot of additionalrestrictions(mainly of tech-
nical nature)shouldbe taken into account.Final optimizationof the parameters
of FEL oscillators(seeTable 1) hasbeenperformedwith numericalsimulations.
Thenetgainhasbeenoptimizedusingthree-dimensionakteady-stateodeFS2R
[13] taking into accountdiffraction of the radiation,enegy spreadandemittance
effects. Final optimization hasbeenperformedwith one-dimensionalersion of
time-dependenFEL simulationcode FAST [14] adoptedfor calculationof FEL
oscillator The codetakesinto accountslippageeffects,finite pulsedurationand
start-upfrom shotnoise.The valueof effective enegy spreadpbtainedfrom sim-
ulationswith FS2R code,hasbeenusedto take into accountenegy spreadand
emittanceeffectsin thecodeFAST.

An ultimate goal of designedacility is to cover continuouslythe wavelength
rangefrom far infrareddown to 150 nm with minimal numberof FEL oscillators.
We adoptedwell-proven approachwhen the wavelengthof eachFEL oscillator
changedy afactorof 5-7 [15,16]. Fastchangeof the operatingwavelengthby a
factorof 2-3 will be provided by the changeof the undulatorgap.Changeof the
electronbeamenepy will extendthe tunability rangeadditionally by a factor of
two. With givenparametersf the electronbeamthereis a wide rangeof opportu-
nities for optimizationof infraredfacilities G1 and G2, sincethe requiredenegy
of the electronbeamis still low which allows to maintainhigh netgain. The net
gaindegradationdueto theenepgy spreacandemittancaemaingn tolerablelimits
in the whole rangeof operation.Also, the slippageeffect doesnot reducethe net
gainsignificantly However, operationof nearinfraredfacility G3 becomesritical
to the value of the emittancewhen approachingo 1 ym wavelength.Thorough
analysisshows thatdirect useof the driving beamfrom the subharmoniduncher
(peakcurrent50-60A, rms pulselength2.4 mm, rmsenepgy spreadl50keV, rms
normalizedemittance30 7mm-mrad)would not allow to go significantly beyond
1 um wavelengthwithin our constrainof a high netgain of about50 %. A record
valueof thelinac-based-EL oscillatorat the wavelengthof 278 nm wasobtained
attheFELI facility (OsakaJapanith driving beamparametersloseto ours[17].
Despitethe latter facility hasbeencompletelyoptimized,the netgainwasonly of
about5-8 %, andsaturatiorlevel hasbeenreachedn theendof 24 uslongrf pulse
[18]. Main obstacleo reachshortwavelengthis connectedvith the emittancdim-
itation. Reductionof the small-signalgain dueto longitudinal velocity spreadis
givenby [19]:

5.6g;

~ = 1
g 5.6 + A% @)

whereA2 = [((AE)2)/(E2) + €%/ B2 (47 Ny, )? is thelongitudinalvelocity spread
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Fig. 1. Characteristicfor visible/ultraviolet facility G4. Upperplot: evolution of theenegy
in theradiationpulseasfunctionof time. Lower plot: radiationspectrunaveragedover full
rf pulse

parameters is focusingbetafunction.Factorgs is givenby (see.e.g.[6]):

gs = 0.1357, T = Wwegjols’vAgJ(nygfylA)_l , (2)
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wherer is gain parameteri3, is undulatorlength,w = 2wc/), jo = I/%, | is
beamcurrent,X is combinedrans\erseareaof the opticalmodeanelectronbeam,
Ay =[H(Q) — J1(Q)], @ = K?*/(4 + K?), and J, and J; areBesseffunctions.
In our caseminimum achievable wavelengthis definedby the emittancecontri-
bution to the longitudinal velocity spreadparameterThis contribution increases
drasticallywith theenepgy increaseneededo achiese lasingatshorterwavelength.
On the other hand, contribution of enegy spreadis relatively small andreduces
further at the enegy increase Analysis of this situationleadsto anideahow to
overcomethe problemof the gainreduction.Namely at all parameter§ixed,there
is the only way to increasehe gain parametet- by meansof the peakcurrentin-
creaseln our casethis canbe donewith bunchcompressiorschemeatthe enegy
of aboutl00MeV. Suchanapproacthasbeenprovento be extremelyeffective for
productionof intensve driving beamsfor VUV and X-ray SASE FELs [20-23].
The electronbunchis acceleratedn off-crestphasein orderto inducecorrelated
enegy dispersioralongthebunch.This enegy dispersiorforcesthebeamto com-
pressin the bunch-compressoAt the bunchcompressiorexit the peakcurrentis
increasedbut atthe sametheenepgy spreadncreaseproportionally However, our
calculationsshav thatincreaseof the gain dueto the growth of the peakcurrent
is higherthanits degradationdueto enegy spreadncreaseAlso, the increaseof
thegaincompensatethe gaindegradationrdueto emittanceThis allows usto have
desirablevalueof the netgain of about50 % in a wide wavelengthrangedown to
150nm andreachFEL saturatiorwithin 5 usrf pulseduration(seeFig. 1).

In conclusionto this sectionwe noteagainthatfeaturesof our FEL designare
stronglyinfluencedby shortrf pulseduration.Natural consequencef a shortrf
pulseis a needfor a high valueof the netgain. A harmful consequencef a high
netgainis possiblegronth of the sidebands$n the nonlinearregime leadingto the
wideningof thespectruni24,25].Oursimulationsshowvsthatthis effecttakesplace
in our shortwavelengthFELS. In practice,it canbe suppressetly an appropriate
choiceof cavity detuning26,27].Anothertrick would beadjustingthegainin such
away thatsaturatiorlevel is reachedn the endof rf pulse.The price for narrorw
spectrumis reductionof radiationpulseenegy and averagepower. A technique
of intracavity dispersve elementdor sidebandsuppressioranbe alsoused[28].
At this conceptuablesignstagewe canstateonly that practicalstepsfor sideband
suppressiowill strongly dependon userdemandsin the future upgradeof the
facility the rf pulsedurationwill beincreasedip to 10 us which would allow to
operateat alower netgain,thusrelaxingsidebandproblem.
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MagneticCharacterizationf the Hybrid UndulatorU27 for the ELBE-Project

P. Gippnet, E. Grossé*, J. PfliigeP, A. Schamlott, W. Seidet, U. Wolf?, R.Wiinsch

aForschungszentruiRossendorfPostch510119, D-01314DresdenGermaty

PDESY Hamturg, Notkestr 85, D-22603Hamlurg

At the DresderRadiationSourceELBE anintense
IR beamin the 3-30um rangewill be producedin
the undulatorU27. It consistsof two 34-polesec-
tions, allowing to inserta magneticchicanein be-
tween[1]. The undulatorstructurehasa period of
Ay =27.3mm andconsistof NdFeBpermanentnag-
netsandpolesof decarborizedron, mountedon two
carriages[delivered by DANFYSIK] suchthat the
distancebetweenthe two sectionsis adjustablefor
phase-matching.The gapsof both sectionscan be
varied independentlyto eventually producetwo IR-
coloursat the sameelectronenegy. For high-gain
lasingonecanintroduceataperingof thefield.

Both sectionswere scannedand adjustedusing a
calibratedHall probesetup[2]. After installationat
thebeamline thefield distribution waschecledusing
the pulsedwire method.
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bothsections Only weakmagnetidields By » asgen-
eratedby thesecoils are necessaryo keepthe elec-
tronswithin the opticalbeam.This canbe seenfrom
fig. 2, wherethe effect of the correctioncoils on the
2"d field integralsis illustrated by resultsof pulsed
wire measurements.
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The horizontalfield distributions (as measurecdat
differentgapscf fig. 3) areconstanbverthex-range
coveredby the beam. As the field inhomogeneities
remainingafter tuning the polesinfluencethe lasing
processwe determined¢hemfor variousgapwidths.
For ¢ = 14 mm the minima and maxima B; of the
field relative to their averagevaluesare shavn in
fig. 4. The standarddeviation o contributesto the
inhomogeneous$ine broadeningof the emittedlight
accordingto
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Fig.3: Themagnetic
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at different gaps
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If the FEL works with sufficient laserpower the
Lorentzfactory of the electronsdecreaseby §y =~
~v/2N, (for thefirstharmonic)alongtheelectronpath
dueto the interactionof the electronbeamwith the
electromagnetidield. The electronenegy changes
continuouslyleadingto aresonancevavelength)(z)
which depend®nthe coordinatez.

Within acertaininterval of A this effectcanbecor
rectedby field tapering. To compensat¢he enegy
lossé~y by areductiond B of the magneticfield one
hasto ensure

2
0B = 41"'}2{"“8 5_7 (2)
B Kins 7

Figure5 shovstheeffect of field taperingin bothsec-
tions of the undulatorU27, which would be applied
in a situationtypical for high intensitylasing.
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Here), v, © aretheradiationwavelength theLorentz
factorandtheelectrondeflectionangle.

Using eq.(3) the phasecanbe determinedexperi-
mentallyby measuringB, (z) alongtheaxisandcal-
culating the deflectionangle ®. Phasematchingis
achievedwhenthe phase(3) is the samein both sec-
tions. This hasto be doneby properly choosingthe
drift spaced betweenrthetwo sections.Phasematch-
ing is obtainedperiodically after anincreaseof d by

Ad = (1+ K2 )\ A measureghases shavn in
fig. 6.
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Experimental investigation of wake fields excited by a
rough surface
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Abstract

An experiment has been carried out at the TESLA Test Facility (TTF) linac to investigate the wake
fields generated by picosecond electron bunches in narrow beam pipes with artificially roughened inner
surface. Two methods were employed: (a) the energy structure imposed on the bunches by the wake
fields was analysed with a magnetic spectrometer, and (b) the generated THz radiation was directly
recorded in an interferometer equipped with Golay cell detectors. Both methods indicate the presence
of strong wake field effects as expected from simulations in which the rough surface is modelled by a
dielectric layer. Preliminary results are presented which demonstrate very clearly the existance of surface

roughness wake fields.

Key words: wake fields, surface roughness
PACS numbers: 41.60.m, 41.60.Cr

1. Introduction

The small gap in the TTF FEL undulator mag-
nets restricts the beam pipe diameter to less than
10 mm. The wake potential generated by the short
electron bunches of high charge density is expected
to be dominated [1] by the residual surface rough-
ness of the undulator vacuum chamber which has
been measured to be in the 0.8 pm range [2]. Since
these wake fields have been predicted to have a

1 Corresp. Author E-mail: markus.huening@desy.de
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significant impact on the beam quality in present
and future free electron lasers [3] an experimen-
tal verification of the simulation model prediction
appeared highly desirable. For this purpose a spe-
cial vacuum chamber has been built containing six
beam pipes with various diameters and different
surface preparations each of which can be placed
into the beam line under remote control.
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Fig. 1. Longitudinal charge distribution in the bunch and
the wake potential created by a dielectric surface layer.

2. The Wake Fields

In the dielectric layer model one single mode is
excited propagating synchronously with the beam.
Its wave number in a circular tube with radius r
and roughness depth & reads

2efs
=,/— . 1
k‘() (Eeff - 1)7‘5 ( )

All the details of the roughness are summarized
in the effective dielectric constant e.sy. The wake
function is harmonic in the longitudinal coordi-
nate s

wy (5) = We cos (kos) 2)

with W, = Zoc/(ma?) (see fig. 1). See [4][5] for
further details.

In the limit of vanishing surface roughness one
gets Ao < 0. Then the energy loss vanishes and
the impedance becomes inductive, as discussed in
ref. [6].

3. Layout of the experiment

The experiment was carried out at the linear
electron accelerator of the TESLA Test Facility
(TTF). The main components of the linac are: a
radio frequency photocathode delivering electron
bunches of 5 ps rms length, 1 to 8 nC charge
and an energy of 4 MeV, a superconducting (sc)
booster cavity raising the energy to 16 MeV, two
acceleration sections each containing 8 nine-cell
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sc cavities, raising the energy to 230 MeV, a mag-
netic bunch compressor in between the two sec-
tions, and three undulator magnets with a total
length of 13.5 m for the production of FEL radi-
ation in the 100 nm regime. A collimator with a
6 mm bore protects the neodym iron boride per-
manent magnets of the undulator from radiation
damage. For optimum bunch length compression
by about a factor of 5, such as needed for the pro-
duction of FEL radiation, the bunches are acceler-
ated 14° off-crest in the first acceleration section
to impress a position-energy correlation onto the
bunch, the leading electrons having lower energy
than the trailing ones. In the magnetic chicane the
tail electrons move on a shorter path and thereby
catch up with the head electrons. The acceleration
in the second section is then done on-crest.

In the present experiment a more moderate
bunch compression turned out to be advantageous
for the observation of wake field effects: a 6° off-
crest acceleration was used in both sections. The
main component of the experiment was a special
ultrahigh vacuum chamber, containing six 80 cm
long test pipes of diameters between 6 and 15 mm
and with different surface preparations (smooth,
sandblasted, grooved), which was mounted behind
the undulator. By remote control any of the pipes
could be moved into the electron beam and cen-
tered with an accuracy of 0.1 mm. The pipes are
composed of half cylinders machined into two flat
aluminum plates. This way a controlled surface
preparation by sandblasting or grooving was pos-
sible. The surface roughness has been measured
with a tracer type surface roughness measuring
machine featuring a resolution of 0.02 ym. A tube
with smooth surface and 8 mm diameter served as
a reference; according to model calculations the
surface roughness wakefields in this tube should
be negligible. The parameters of the 6 pipes are
listed in table 1.

Having traversed the selected test tube the elec-
tron bunches pass a diffraction radiation screen
located 1 m downstream. This screen is made of
two polished silicon wavers coated with aluminum.
Between the two wavers a slit is left open for beam
passage. The screen is oriented at 45° with re-
spect to the beam axis deflecting far infrared ra-
diation horizontally into a Martin-Puplett inter-



preparation | diameter | rms roughness, § Tq f (interf) Eeff f(energy) Eeff
reference 8 mm 1.4 uym 2.3 um - - - -
sandblasted | 10 mm 8.3 um 6.2um | 500+40 GHz | 1.78 | 490 £ 40 GHz | 1.8
sandblasted 8 mm 8.3 um 6.2um | 550 +40 GHz | 1.82 | 540+ 40 GHz | 1.9
sandblasted 6 mm 8.3 um 6.2um | 620+40 GHz | 1.91 | 610+ 40 GHz | 1.8
grooves 10 mm 60 um 19.7um | 177 £10 GHz | 1.94

grooves 8 mm 60 um 19.7 um | 200+ 10 GHz | 1.90

Table 1

Parameters of the beam tubes. The frequencies f have beam determined from interferometric measurements and from
the energy distribution of the electron bunches. The parameter § is the rms depth of the roughness, r, the so called

roughness parameter.
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Fig. 2. Energy profiles with different beam tubes. The
profiles have been shifted vertically for visual separation.

ferometer [7]. The electron beam is then deflected
by 20° in a spectrometer dipole behind which a
transition radiation screen with vertical deflection
is mounted. Optical transition radiation produced
at this screen is imaged by a CCD camera. The
horizontal dispersion at the position of the screen
amounts to 1 m while the horizontal S-function
is small (0.25 m). Therefore the width of horizon-
tal particle distribution on the screen is predom-
inantly given by the dispersion, with a negligible
widening caused by the horizontal emittance of
the incoming beam (exy ~ 6 - 107%m). The mo-
mentum resolution of the magnetic spectrometer
is better than 5-10~%.

4. Experimental results

Some measured energy profiles of the moder-
ately compressed bunches are shown in figure 2.
The bottom curve shows the energy distribution
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obtained when the beam has traversed the smooth
reference pipe of 8 mm diameter. A wide distribu-
tion is observed, created by the off-crest acceler-
ation, which is superimposed with a slight struc-
ture. The structure can possibly be attributed to
surface roughness wake fields in the upstream col-
limator and undulator beam pipes. The next three
curves show the energy profiles obtained for the
test tubes which were roughened by sandblast-
ing. A clear structure is observed which becomes
very pronounced at the smallest pipe diameter of
6 mm. This regular structure can be assigned to a
harmonic wake potential, where the distance be-
tween the peaks can be related to the wavelength
of the potential by the given time to energy corre-
lation. A comparison of the energy distributions
shows that the wavelength of the wake is scaling
with 1/4/r where r is the beam pipe radius. Simu-
lations show reasonable agreement to a frequency
close to 500 GHz for the 8 mm sandblasted beam
pipe. For the 6 mm beam pipe this then corre-
sponds to 600 GHz.

In the energy distribution of the 6 mm beam
pipe the peaks reach their minimal width. Un-
der these special conditions the amplitude of the
wake potential can be derived from the distance
of two peaks yielding 560 kV/m. For the other
beam pipes the point of maximum contrast of the
peaks is reached at different acceleration phases.
Accelerating at these different phases one finds
550 kV/m for the 8 mm beam pipe and 750 kV/m
for the 10 mm pipe. For a quantitative under-
standing of these preliminary results it is neces-
sary to take into account the 1/r? behaviour of
the impedance and the nonlinear increase of the
exciting spectrum towards lower frequencies. In
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Fig. 3. Spectra of the roughened beam pipes normalized
to the spectrum of the bunch.

all cases the bunch charge was 1 nC, the bunch
compression was not complete by setting an off-
crest phase of 6° in the first acceleration module.
Hence the front part of the bunch contains only a
fraction of 1 nC.

A complementary measurement is shown in fig-
ure 3. Here the far infrared radiation pulse pro-
duced at the diffraction radiator next to the test
tubes has been analyzed by measuring its auto-
correlation function. The depicted curves already
show the ratio of the frequency spectra measured
with the sandblasted beam pipes divided by the
spectrum measured with the reference pipe. Each
measurement shows a peak at a characteristic fre-
quency (see table 1). Unfortunately these spectra
are strongly distorted by water vapour absorption
inside the interferometer. The gaps in the spec-
tra can be identified with known water absorption
lines [8]. The measurements with the interferom-
eter were done at maximum compression of the
bunches.

5. Conclusion and Outlook

An experiment has been conducted to study
wake fields excited by a rough surface of the beam
pipe. Evidence is found for a harmonic wake po-
tential. Within the measurement errors the ob-
served wavelengths scale with the square root of
the beam pipe radius. The preliminary analysis
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yields wake potentials of a few hundred kV/m at
bunch charges of less than 1 nC. A more detailed
analysis including a longitudinal phase space to-
mography is in progress.
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The TTF-FEL Status and its Future as a Soft X-ray User
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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-leve), ultra short (100 um-level) and low
emittance (few mm mrad normalised) electron bunches. On the road towards a Sdf 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 Teda Test Facility TTF1 was devoted to
reach SASE in a proof of principle experiment and check the SASE FEL theory around 100 nm laser
wave ength. The experimental results agree completely with theoretical predictions[1]. Based on theresults 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 Tedla Test Facility (TTF) is alinear accderator 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 accderator modules, a bunch compressor and a 15m long permanent magnet
undulator. A widerange of studiesis being performed at TTF related to FEL and beam physics.

1.1 SASE FEL performance

Since first lasing of SASE FEL a 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 afew 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 10° (which
corresponds to peak brilliance of radiation of about 10°” [Phot./(sec - mrad - mm? - 0.1% bandw.)] ) in along-
pulse mode of operation at 2.25 MHz repetition rate (see Fig.1). Thisis a significant progress compared to the
FEL gain of about 3x10° obtained last year [1]. Specia efforts were devoted to the development of photon
diagnostics which allows to measure radiation energy and spectrum of individua bunchesin atrain (see Fig.1).
The radiation energy is measured by three different techniques (PtSi photodiodes, thermopile sensor and MCP
detector) which guarantees the rdiability of measurements [3,4]. Single-shot spectrums are detected by an
intensified CCD cameraingaled 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 gill possesses a high potential for further increases by means of improving the longitudina
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 characterigtics. The ingadlation of the
optical feedback at TTF FEL was gresatly 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 isingalled in a straight section in the eectron
bunch compression area between thefirst and the second accelerator module. It dispersesthe light and focuses a
narrow band of radiation back on the entrance of the undulator to seed the next dectron pulse. After several
round-trips the output radiation spectrum approaches Fourier-transform-limited width and the output power
reaches saturation level.

At present al RAFEL equipment is installed a the TTF acceerator. 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 dements (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 dements is finished and non-
destructive photon beam diagnosticsis successfully tested [4,7]. The main problem which is being solved now is
the alignment of the longitudina base and tuning the accelerator to reduce time and transverse position jitter of
the electron bunchesin 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]. Severa 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 didectric layer model.
Independently the emisson of THz-radiation has been observed. The measured frequencies around 500 GHz fit
well with the expectations from the model. The detailed analysisis 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 (3 harmonic). At theinjector exit the 2 mm (rms) long el ectron 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 acceerator 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 ingaled 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 3" harmonic
cavity of the photo-injector might not be available during the first phase of accelerator commissioning.
Neverthdess, the injector beam parameters allow first lasing a 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 dimensionsinside a FODO lattice the beam emittance can be determined.

2.1.1 Injector and Bunch Compressors

State of the art photo-injectors cannot smultaneously 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 longitudina emittance.
This correlated distortion will be corrected with a 3 harmonic section (composed of four TESLA cavities
scaled to 3.9 GHz). Downstream of the injector, the longitudina rms emittance is 50 mm-keV a 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 whilethe 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 50um (rms) corresponding to 2.5 kA peak
current at the nominal matrix element of Rsg=0.05 m is achieved. Emittance growth coming from the magnetic
multipole fields inside the chicane is negligible if the dipole field quality is AB/B=3-10".

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 integras are tight, the tolerable accumulated dose for the SASE FEL
operation will be 10° Gy.

The collimator has to callimate 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 materid 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 al particles with | AE/E, | > 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 1x10° considering both the
particles which are back-scattered into the beam line and the secondary particles.

Nevertheess, 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 dit, 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 ingtaled. 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 quadrupol es 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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Figurel: 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.
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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 arough pipe.
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Measuremendf thelongitudinalphasespacefor the photoinjectortestfacility
atDESY Zeuthen

D. Lipka?, J.Bahe, | Bohnet, K. Flottmanr?, D. Richtef, F. Stephaf, Q. Zhad*

aDESY ZeuthenPlatanenalleé, 15738Zeuthen Germary

PDESY Hamturg, Notkestr 85,22607Hamturg, Germary

°BESSY Albert-Einstein-Str15, 12489Berlin, Germaty

A setupfor measuringhe longitudinal phasespaceof the photoinjector testfacility at DESY Zeuthenis described.This setupincludes
a YAG-screeranda Cherenkv detectorwhich areusedto convert the electronbeaminto a photonbeamwith the wavelengthin the visible
range.The momentunspreaddf the electronbunchcanbe measureavith the YAG-screenThe Cherenkv radiationmechanisnwill beused
to measurehe bunchlengthwith goodtime resolution.As radiatorssilica aerogelswith very low refractve indicesaswell asa specialshaped
fusedsilica platewill beused.A streakcamerasystemwill measurehe time dependenbehaior of the photonbunch. The combinationof
bunchlengthmeasuremerand momentumspreadmeasuremergivesthe informationaboutthe whole longitudinal phasespace.The design

considerationsf theradiatorsandtheir propertiesarediscussed.

1. Introduction

A photoinjectortestfacility atDESY Zeuthen(PITZ) for
the developmentandoperationof optimizedphotoinjector
for future free electronlasersand linear colliders will be
commissionedn autumn2001. The componentof PITZ
aredescribedn [1-3].

Theability of beamdiagnosticgo investigatehe proper
ties of the electronbunchis the basicfor a successfubpti-
mizationandimprovementof the performancef PITZ. In
this contritution we focuson the designfor measuringhe
longitudinalemittance.The diagnosticof the longitudinal
phasespacds expectedto be donein afollowing way:

At firstthe momentunspreads measuredisingadipole
magnetand a YAG-screen. For this, the propertiesof a
screerlaminatedwith YAG-powvderwerestudiedandcom-
paredwith an OTR-screen.Furthermorehe errorfor mea-
suringthe momentumspreadandthe resolutionof the mo-
mentummeasuremerdreestimated.

The secondstepis to determinethe bunchlength. This
will be doneby usinga radiationprocesswherethe elec-
trons producelight with the sametime propertiesas the
bunch has. Thena streakcamerais usedto obsere the
longitudinal pulseshape. A high numberof photonsand
very good intrinsic time resolutionbecomethe main re-
quirementsto the radiatorespeciallyat low electronener
gies. Cherenbkv radiationin aerogelandin specialshaped
quartzplatesare discusseds possibleoptionsfor photon
productionmechanism.The propertiesof aerogelmaterial
in vacuumwill beshawn.

Ideasto measurehe bunchlengthandenegy spreadsi-
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Figurel. Beamprofile of a16 MeV 5.1nC electronbunch

multaneouslywill bedescribedaswell.

2. Momentum spread measurement

The momentumof the electronswill be measuredvia
deflectionof about60° causedby a magneticfield. The
momentumis a linear function of the currentin the dipole,
while the momentumspreadis a function of the spotsize
at the screen. The estimatedenepgy spreadis expectedto
be 2%. Thereforea screenwith goodresolutionshouldbe
used.

The enegy of the electronsat first will beupto 5 MeV.
At theseenegies a small numberof transition radiation
photonswith large angleswhould be producedf an OTR-
radiatorwhould be used. The numberof scintillation pho-
tonsin YAG-screends much higher On the otherhand,
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YAG-screensat high electrondensitieswill reachsatura-
tion. Theimageof 16 MeV electronbunchesvasmeasured
at the TeslaTest Facility with increasingchage densities
by OTR- and YAG-screengfigure 1). Theintensityof the
outgoinglight from the YAG-materialincreaseaup to an
electrondensityof about4 fC / wm?, themaximumdensity
achvedatthis measuremeniTherewasnotseeraclearev-
idenceof saturationTheintensitymeasuredvith the YAG-
screernis lower atthe maximumandshaws a slightly wider
distribution comparedto the OTR-screen. The expected
maximumelectrondensity at the screenin the dispersie
arm of PITZ is of the orderof 1fC/um?. Thereforeno
saturationis expected.

Themomenturrspreadwill beextractedfrom theprojec-
tion of the distribution at the screenin the dispersie arm.
For a correctcalculationthe bunchsize,thedivergenceand
their correlationsat the entranceof the dipole should be
known. They arenot measuredlf they arenot takeninto
accounthedifferencewill beof the orderof 3% of thees-
timatedmomentunspread.

Themeasurednomentumwill besmearedutdueto the
finite trans\erseemittanceof the electronbeamat the en-
tranceof the dipole. Consideringthe expectedemittances
the momentumresolutionwill be betterthan0.5% of the
measureclectronenepy.

3. Bunch length measurement

Theelectronbunchlengthhasto becorvertedinto apho-
ton bunchof correspondindength. It will bemeasuredis-
ing a streakcamerasystem. Thereforeit needsa radiation
processwith enoughphotonsbeing produced. Goodtime
resolutionis necessaryWe will useCherenkv radiatorsin
orderto obtain adequatephotonyields. Aerogel and spe-
cial machinedquartzplatesarepossibleoptionsto produce
aphotonbeamwith the needecpropertieq4].

The vacuum propertiesof aerogel have been tested

amongotherthingsby measuringhe gasloadcomingfrom
aerogel. A calculationof the pressuredistribution of the
whole injector estimatesits influence on the pressurein
the cavity section. The calculationshows that the gas
load coming from the aerogelshould be in the range of
10 ®mbar 1/s or betterto avoid damageof the Cs2Te
photocathode. Testswith aerogelat differenttemperature
shaws thata temperatureip to 200°C canbe allowed (fig-
ure 2). This can be ensuredby adjustingthe pulsetrain
length.

4. Measurement of longitudinal phase space

To measurehe longitudinalphasespacethe streakcam-
erawill detectphotonbeamsfrom a Cherenkv radiatorin
thedispersie arm sothatboth distribution of electronmo-
mentumandlongitudinal profile canbe measuredimulta-
neously To obtaingoodtime resolutionfor aerogela slit
maskbeforetheradiatorwill beinsertedto getsmalltrans-
versebunch sizes. Thereforethe whole enegy spreadis
measuredy moving the slit maskin the trans\ersedirec-
tion.
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Undulator systems for the TESLA X-FEL

J. Pfliger, M. Tischer
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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

parald 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 inref. /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
pieces 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 isan 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 dectron 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 dectron beam of the remaining three SASE FELSs. 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 eectron 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
guadrupoles, which limit the beam size over whole length of the undulator. The distance between two
of themis 6.1m. This allows for 5m long undulator segments. The B-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 waveength 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 away that proper phasing is preserved.

Mechanical design

A standard gap separation drive and support system has been developed in a conceptual design study
/3/. 1t 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 1* harmonic better than the Pierce

parameter p, girder deformation under changing load conditions (gap change) has to be limited to at
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most +4pm. Consequently a voluminous I-beam profiles with dimensions 550 * 200 * 100 mm® 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 dectronically 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 +1-2um. More details

arefoundin 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 SASEL undulator /6/. At agap 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 atransversal good-field-region of £1 mm results in which the relative field variation is less than
p, i.e 4.20010" 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 40x8x55 mm?® (width x length x height) and 70x22x65 mm? for the
magnet dimension. The field of an undulator segment has even symmetry so that the 2™ field integral
can be brought to zero with a simple half pole. The gap dependence of the 1% 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 2™ 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 hdlical structure is planned. In the soft X-ray range, above 0.4nm, no optical aternative

to the generation of circularly polarized light exists. An APPLE Il 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 SASES 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,
whichisidentical to the short phase shifter magnets but rotated by 90° is seen to theright. In between
thereis a quadrupole with a 15mm bore with a maximum gradient of 100T/m. Its magnetic length is
0.2monly, itstotal length is about 0.26m. With these quadrupoles a minimum 3 function of less than
15m at 25GeV can be obtained.

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

good reasons to do so:

1. Theradiation wavelengths of different segments have to be tuned with an accuracy better than p,
whichisin the order of 3.6010* (seetable 1). As a consequence in different segments gap control
with an accuracy of Ag <= #2um 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. Inorder to compensate for the average energy loss of the electron beam along the undulator
system, ataper hasto be applied. It increases efficiency and maximizes the output intensity. Such
ataper 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
accuratey controled in this way. Thus this diagnostic tools will play an important rolein
optimizing emission properties.

4. Experienceat 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 awell adjusted beam. So maost 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 3" 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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D:\TESLA-FEL01-09\pflueger\2_UndulatorsFor TheTESL AXFELkurz.doc

Device Type |E Wavelength | Ao p* Kmax |Bmax |Gapmin |[B[m] |Lsa + Lot ++ # of Seg-
[Gev] |Range[nm] |[mm] |[10*] [T] [mm] [m] [m] ments**
SASE1L planar |25 0.1-0.35 60 4.2 7.5 133 12 45 220 323.3 53
SASE?2 planar |25 0.085 45 3.6 4.0 0.95 12 45 210 3111 51
SASES3 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 7.5 133 12 45 220 323.3 53
SASES helical |23 0.4-25 107 145 |9.6 0.96 12 15 120 176.9 29
Ul-us planar |30 0.0083-0.025 |30 31 (110 6 45 50.0 61.0 10
+++ 0.0028-0.0083 250 total | 305 total 50 total
Sum 1405 17141 281

+  Thesaturation length L istaken asthe required net magnetic length of the undul ator

++ The total length Ly of an undulator system includes the saturation length plus 1.1m for intersections (Quadrupoles, phase shifters, correctors, diagnostics pumps €tc)
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 thel® and 3. harmonic. Here Ly represents the magnetic length of a device. The summation in
the bottom line indludes 5 devices.

*  For SASE1-4 a normalized emittance €, of 1.6*10°m, an energy spread of 2.5MeV and a pesk current of 5000A is used. An energy spread of 6.0 MeV is assumed

for SASES5, which takes into account the energy spread caused by SASES. p isaways calculated for the shortest wavelength, i.e. the largest possible gap.
** | ength 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. Ao denotes the undulator period length, p the Pierce
parameter, Buax, Kmax the maximum peak field and undulator deflection parameter at the minimum gap position, Gapwin, respectively, B the average
3 function in the undulator region. See also the footnotes.
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Statusof the 3D Time-DependenEEL SimulationCodeGENESIS1.3

S.Reiché, B. Faat?

aDepartmenbf Physics& Astronomy UCLA, Los Angeles,CA 90095-1547

bDeutsche&lektronenSynchrotronNotkestr 85, 22607Hamturg

Sinceits releasen 1999the 3D time-dependensimulationcode GENESIS1.3 hasbecomea helpful tool for the design-
studiesandanalysisof a single-pass$-ree-ElectrorLasersexperiments.with the latestversionnew featureshave beenadded
suchassupportfor wake-fieldsandincoherenspontaneousadiation.In additionthemoremodularstructureof theopen-source
codeandthe improved supportof externalinput files allow a betterunderstandingf the code,supportinguserswho wantto

addnew featurego thecode.

1. Introduction

Numerical simulationshave becomean essential
part of ary FEL project. They are usedto either
conductdesign-studiegor proposedexperimentsor
to compareexperimentalresultswith the underlying
theoryembeddedh the codes.Numerousodeshave
beenwritten focusingon the specificFEL interaction
betweenelectronbeamand radiationfield within an
undulator Most of themusesimplificationssuchas
the steady-stateegime or axi-symmetricheams.

Since its first releasethe FEL simulation code
GENESIS1.3[1] is usedat variousFEL labsaround
the world and extends the set of time-dependent
FEL codeg2,3] by treatingthe FEL interactionself-
consistentlyin all dimensions. It hasbeensuccess-
fully benchmarkd with FEL experiments[4] and
othercodeq5].

2. The Physical M odel

The core of the physicalmodelin GENESIS1.3
is afinite-differencebasedsolver for the eikonal FEL
field equationg6] usingthe alternatingdirectionim-
plicit (ADI) methodon a Cartesiar2D mesh. A 4th
order Runge-Kutta solver integratesthe equationof
motionfor theelectronenegy andphasewhile asym-
plectic solver tracksthe trans\ersevariablesthrough
themagnetidattice of the undulator

Two new featuresare incorporatedwith the prop-
agationof the electronbeam. The effect of enegy
lossdueto spontaneousadiationandthe growth of
the enegy spreaddueto the quantumfluctuationof
the spontaneougadiationfollow ananalyticalmodel
[7] andis appliedto the particle distribution without
introducingunphysicabunchingeffectsin the longi-
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tudinalphasespace.

The secondfeatureis the effect of wake fields on
theelectrorbeamwhichis mainlymodeledoy amean
enepy loss per integration step. The wake-field po-
tential hasto be calculatedorior to therun of GENE-
SIS 1.3 andsuppliedby an externalfile. Neitherthe
choiceof thewake field modelnor the explicit calcu-
lation of the wake field potentialis partof the GEN-
ESIS1.3distribution andhasto be doneby 3rd party
programs.

3. Interface

The list of input parametethasbeenextendedto
roughly 100 parametersmostly replacinglessintu-
itive parameters.Still the singleinput is only capa-
ble to describean FEL undercertainapproximations
or assumptionsuchas predefinedounch profiles or
fixed undulatorandfocusinglattice. To allow more
flexibility for the userthe GENESIS 1.3 input has
beenextendedto multiple input files, eachdescrib-
ing a specificpart of the simulation. In particularit
allows an easyinterfaceto othersimulationtools for
e.g.start-endbr two stageFEL simulations.

Themagnetidield canbedescribaupto thelevel of
eachindividual undulatorpole andincludesthe main
undulator field, arbitrary quadrupoleand solenoid
fields as well asfield errors, quadrupolemisplace-
mentsand correctormagnets. The structureof this
ASCII inputfile canbe simplified by formatingcom-
mandsandcommentdor easyreadingandeditingby
theuser

Similar, beamparameterssa function of the lon-
gitudinal positionwithin the bunchaswell asentire
sampledistributions of the complete6D phasespace
canbeimportedinto GENESIS1.3to modeltheelec-



tron beamwith a high level of detailandflexibility .

Several external programshave beenwritten to
supportthe useof GENESIS1.3. They simplify the
setup of input decks,calculateanalyticalresultsor
supplycorrectmagnestrengthcompensatindjield er-
rors.

4. Outlook

GENESISL1.3is written in FORTRAN, whichim-
pliestwo majordrawbacks.First,thesizeof themem-
ory demandis determinedduring compilationtime.
Thusthe efficiengy of the memoryusageis low. In
particularthearraycontainingtheslippagefield is the
dominantpart of the high memorydemandof GEN-
ESIS 1.3, althoughnot usedfor steady-statsimula-
tions. Theotherdrawbackis thepoorsupporiof FOR-
TRAN for string processing.As a consequencéhe
functionality of the externalinputfiles arelimited.

Thoseproblemsaresolvedif the codeis corverted
to C or C++, usingdynamicalallocationof memory
anda wide library supportfor input and string 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 asthe supportby anextensie library to
processanddisplaythe GENESIS1.3 output. XML
is currentlythe mostpromisingstandardor ary kind
of ASCII documentslt automaticallyguaranteesa-
lidity of any inputor outputfile dueto its strictformat
andsyntaxrequirement.GENESIS1.3files canrely
on compabilityto any otherprogramsupportingthe
XML standard.

The main algorithm of GENESIS 1.3 in time-
dependentmode requires only to passa limited
amountof informationto adjacenslices. ThusGEN-
ESIS1.3canbeportedto aparallelarchitecturewith-
out ary major modificationin the code. Using the
message-passitigterface(MPI) [11] for synchroniz-
ing thenodesof the parallelcomputerandpassinghe
requireddatato the next nodeswill significantlyre-
ducethe computationatime for CPU intensie time-
dependensimulations.
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An Analytical Description of Longitudinal Phase
SpaceDistortions in Magnetic Bunch Compressors

E.L. Saldin?, E.A. Schneidmille?, M.V. Yurkov®

aDeutsches Elektronen-Synchrotron (DESY), Notkestrasse 85, D-22607 Hamburg,
Germany

b Joint Institute for Nuclear Research, Dubna, 141980 Moscow Region, Russia

Abstract

In this paperwe considera possiblemechanismof strongdistortionsof longitudinal
phasespacedueto collective effectsin anelectronbunchpassinga magneticbunchcom-
pressarAnalytical expressionsarederived for the caseof a linearcompressionThe main
emphasiss puton analysisof coherensynchrotrorradiation(CSR)effects.

1 Intr oduction

Magneticbunchcompressoraredesignedo obtainshortelectronbuncheswith
a high peakcurrentfor linac-basedhort-wavelengthFELs[1-5] andfuturelinear
colliders[5-7]. The basicprinciple of compressions very simple.A relatvistic
electronbunchaccumulategnegy chirp while passingRF acceleratingtructures
off-crestandthengetslongitudinallycompressedueto anenegy-dependenpath
lengthin the magneticcompressoi(for instance,in a chicane).Since, however,
electronbunchesarevery shortandintensve, collective effectslik e coherentsyn-
chrotronradiation(CSR)[8] canseriouslyinfluencebeamdynamicsin compres-
sors[9].

In therecentexperimentswith bunchcompressorfl0-12]thefragmentatiorof
longitudinal phasespacehasbeenobsered. The self-consistensimulations[13]
of beamdynamicsin the TESLA TestFacility (TTF) bunch compressochicane
(BCC), takinginto accountCSR effects, have alsoshovn phasespacefragmenta-
tion. It hasbeenexplainedby strongenhancemenif CSReffectsdueto thelocally
pealed(non-Gaussiamjensitydistribution createdduringcompressiomprocese-
causeof RF nonlinearity(seealso[14]).

It hasbeenmentionedn [13] thatanothemechanisntanbe consideredvhich
is alsorelevantfor the ideal linear RF modulation(or, even without modulation).
Namely high-frequeng componentf the beamcurrentspectrum(higherthan
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typical inversepulseduration)causeenegy modulationsat the samefrequencies
due to wakefields. The enegy modulationis corvertedinto an induceddensity
modulationwhile the beamis passinghe bunchcompressoif the wakefieldsare
strongenough,the inducedmodulationcan be much larger than the initial one.
In otherwords, the systemcan be treatedas a high-gainklystron-like amplifier.
The generaltendeng is that higherfrequenciegto someextent) aregoingto get
amplifiedstrongersothatthey maybecomemuchbetterpronouncedn comparison
with the caseof undisturbeccompressionThus,the chage distribution and,more
generallythelongitudinalphasespacecanbe essentiallynodified.

In this paperwe studysucha mechanisnanalyticallyin linearapproximation.
Sinceit is difficult to measurdsimulate)smallhigh-frequeng perturbationsn the
initial stateof the beam,one cannotexactly predictits final state.Thus,our goal
is to calculate(estimate)the gain as a function of frequeng. If the gainis large
then one may expectsignificantmodificationsof longitudinal phasespacein the
bunchcompressqgrandvice versa.ln section2 we studythe dynamicalaspectof
the problemassumindinearenegy chirp alongthe beamandthe givenamplitude
of parasiticenegy modulationatsomefrequeng. In section3 we consideithecase
whentheseenegy perturbationsare createddueto wakefieldsupstreanof bunch
compressoandin section4 we thoroughlystudy CSRin the bunchcompressor
chicane.

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

In this paperwe considerl-D modelof the electronbeamneglectingall the
trans\erseeffects. An undisturbedphasespacedistribution of the beamwith dc
current,linear enegy chirp along the beamand Gaussiarenegy spreadcan be
describedvith thefollowing function:

f(s,67) =

IO (57 - h708)2‘| (1)

exp l—
V2mo, 20,2y

wheres is the coordinatealongthe beam(particleswith positive valuesof s are
placedbehindthe particlewith s = 0), 7o = &/(mc?) is the nominal enegy
in units of the restenegy, m is electrons mass,c is the velocity of light, vy =
(€ = &)/(mc?) is the enegy deviation from the nominalvalue,o., = o¢/(mc?)
is the rmslocal enegy spread = d(dv)/(70d s) describedinear enegy chirp
alongthebeam,/; is the beamcurrent.Normalizationis chosenn suchaway that
afterintegrationover §y we getthe current.We assumey, to belargeandconsider
smallenegy deviationséy < v, althoughformally we let 5 extendfrom —oc to
oo. Themodelof dc currentallows usto exclude edgeeffectsfrom consideration
andto dealwith smallsinusoidaimodulations.
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To describephasespacetransformationin the bunch compressomwe assume
a linear dependencef pathlength S in the compressoon ¢+ /v, describedby
compactiorfactor!

ds ds
R =

- d(6v/v)  d(3v/v)

Thena particle positionin the beambeforeand after compressions; and s¢, are
connectedy

)
Sf = 81+R56—7-

Yo

Therefore to describethe final stateof the beamwe shouldsubstitutes in (1) by
s — Rs607/70. Thenthe new distribution will have the form of (1) wherel, o,,
andh aresubstitutedy CI, Co.,,, andCh, respectiely. HereC' is thecompression
factor:

1
" 1+hRsy

For compressiorone shouldprovide hRss < 0. For instance,Rss < 0 for the
chicanesothath hasto bepositivein this caseln addition,in this papermwe restrict
ourconsideratiory theconditionl + hRs¢ > 0, i.e.thebeamis undercompressed.

Now let us consideran enegy modulationat somefrequeng w on top of the
linear chirp. In front of the bunchcompressothe phasespacedistribution hasthe
form:

F(5.87) = exp {_ [07 — hyos + Ay sin(ks)] } |

Iy
V2mo, 202
wherek = w/c and A~y is the amplitudeof enegy modulation.As it was done
above,we substitutes by s — Rs67/7, to describethe changeof distribution func-

tion in the bunchcompressorThenwe integrateover §- in orderto getcurrentas
afunctionof s:

I(s) =

L 5 [67(1 + hRsg) — hyos + Avysin(ks — kRsg7v/%)]
V2ro, / o exp{ 203

-0

1 Compactiorfactoris generallydefinedfor momentundeviationsdp/po. For considered
hereultrarelatvistic casedp/po = dv/7o.
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After changeof variablesr = [0(1 + hRss) — hyos] theintegraltakesthefollow-
ing form:

o cn T [z + Aysin(Chs — CkRssr/ )]
I(S) = \/%07_4 dzexp {_ 203

Theintegral of sucha form is known to describethe processf densitybunching
startingfrom initial sinusoidalenegy modulationbut without linear enegy chirp
(seefor instance[15]). Making integrationandFourierexpansionponegets:

o A 1 2

I(s) = CI, ll +2> J, (anR%—V) exp <—§n202k2R§60—g> cos(ans)] (2)
Here J,, is the Besselfunction of nth order Without compressiorfh = 0, C' = 1)
theexpression2) is reducedo the well-known one[15].

Analyzing(2) we seethatthe frequeng range(of initial modulation),in which
the beamcan be effectively bunchediis limited by k£ < (CRs0,,/7v0)~". Within
this rangethe condition Ck|Rss| Av/v, > 1 meansthatthe beamis completely
bunchedandthe phasespaces fragmentedFor k£ ~ (CRs60, /7)™ this happens
whenAy > o,. It is worth mentioningthato.,, alwaysstandgor theinitial enegy
spreadbeforecompression).

In this papemwewill uselinearapproximatiorassuminghatC'k|Rss| Av/v0 <
1. Thisleavesuswith only thefirst harmonicof thebeamcurrent(.J; (X) ~ X/2):

I(s) ~ CIy[1 + ping sgn(Rse) cos(Cks)] (3)

wheresgn(Rss) is thesignof Rss andpi,q is theamplitudeof thefirst harmonicin
thefinal stateof thebeam:

A 1 o2
Pind = C/€|R56|—7 exp <—502k2R§6—;> . 4
"o 70

We have considerederethe modelof infinitely long beam.Theresultsof this
papercanbeusedfor abunchwith finite lengthe assoonasthefollowing condition
is satisfied:

ko> 1. (5)

Theinfluenceof beamemittance: onlongitudinaldynamicsis negligible when

keS./B < 1, (6)

whereS. is thelengthof a paththroughcompressoandg is the beta-function.
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3 Wakefieldsupstream of a bunch compressor

Let usassumehat upstreanof the bunchcompressothereis a small density
perturbationp; atsomefrequeny:

I(s) = Iy [1 + picos(ks)] . @)

Dueto somewakefieldsupstreanof compressothebeamgetsmodulatedn en-
ergy atthe samefrequeng with the amplitudeA~. Describingthe actionof wake-
fields by longitudinalimpedanceZ (k) we canconnectthe amplitudesof enegy
anddensitymodulationsasfollows:

QIR

A
1= L

(8)

whereZ, = 377 2 is thefree-spacémpedancand/, = 17 KA is the Alfvencur
rent. Then,using(4) we calculatethe amplitudeof theinduceddensitymodulation
attheendof bunchcompressoin generakaseto find final densitymodulationps
oneshouldsumup inducedmodulationand(transformedo theendof compressor)
initial one,taking careof phaserelations.But in this paperwe useapproximation

pi K ping KL 1.

In otherwords, pr ~ pinq andthegainin densitymodulation

G = ,Olnd
,Oi Pi

is assumedo behigh, G > 1 (otherwisethe effect, consideredn this paperis not
of greatimportance)Underthis approximatiorthe gaindependsieitheron phase
of Z(k) noronsignof Rss andis equalto

Iy ‘Z(k)‘ ( 21.2 2)
G = Ck|Rsg| —— ex —C?k*R? 9
| 56|/YOIA ZO 5673 ( )

For broadbandhonresonanvakefieldstheproductk| Z (k)| is usuallyagrowing
functionof k. For suchcasegshe maximalgainis achiezedat

k' 1

opt -

~ 2 |Rys|C' . (10)
0

The optimal final frequeng (whenthe beamis compressedjoughly doesnot
dependon compressiofiactorC. A crudeestimatefor the maximalgainis

Lo |Z(Kopt)|

Gmax =
O-'yIA Zo

(11)
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Theterm1,/(o,1,) is proportionalto a longitudinalbrightnesgparticlesden-
sity in longitudinalphasespace)ln practicethe phasespacedistribution canbe of
complex shapeWe notethatthelocalenegy spreadshouldbetakenfor estimations
of amplificationeffect.

4 CSRin the bunch compressorchicane

Wakefieldscanalsoexist inside bunch compressorsWe considerherecoher
ent synchrotronradiationwhich is an intrinsic featureof magneticcompressors.
CSReffectscanbe minimizedtherebut notavoided.Recently CSR-inducedeam
instability in storageingshasbeeninvestigated16]. Thatinstability developscon-
tinuously in smallincrementslik e mostinstabilitiesof relatwvistic electronbeams.
We analyzehere quite different situationwhen the longitudinal phasespacecan
be suddenlymodified while the electronbeamis passinga single elementof the
beamline.In this senseone canthink of suchan analogyas a klystron versusa
travelling-wave tube.

While theformulaeof the previoussectionareprettygeneraanddo notdepend
on a type of the bunch compressaqrin this sectionwe have to choosea specific
model.We considera simmetricthree-dipolechicane wherethefirst andthelast
dipoleshavethelengthL,, andthemiddleoneis aslongas2L,4. Thebendingangle
in thefirstdipole issmall,§ = Lq/R < 1 (R is thebendingradius),andthetotal
length L, of BCC satisfieghe condition

Lo 4Lg. (12)

The compactiorfactorcanthenbe expressedn a simpleform: Ry = —L.62.
To describeCSRwe usethesteady-statenodelneglectingedgeeffects.Thedomain
of validity of this modelcanbe estimatedn the baseof resultsobtainedn [17]:

Lq > (R?/k)2In(v3 /kR) , (13)

assuminghatinequalityy3/kR > 1 alwaysholds. We neglectthe influence
on CSRof trans\ersebeamsizeandof the screeningeffect of thevacuumchamber
requiringthat[9,18]

b*/R)'V? < k< (o} /R)'V?, (14)

whereb is thetrans\ersesizeof vacuumchambermndo | is thatof electronbeam.
Underthe conditions(13) and(14) the moduleof CSRimpedancen thefirst and

2 Underlimitations,acceptedn this section all theresultsarevalid for a four-dipole chi-
canetoo.

114



thelastdipolescanbe expresseds[18]

|Z(k)| _ 2T(2/3) Lak'/*

Z 313 R2/3 (15)

andin the middle dipole it is two times larger HereI(...) is the complete
gamma-function.

Theacceptednodelallows usto simplify calculationof thegain.Indeedunder
the condition (12) we neglect longitudinal motion inside the dipolesso that the
densitybunchinghappen®nly betweendipoles.On the otherhand,basedon (13)
we ngglect CSR-induceanegy modulationoutsidethedipoles.Thus,we separate
thesetwo processes.

In the framenork of this modelwe considerthe two-stageamplificationin the
bunchcompressorindeed,initial densityperturbation(7) causesenegy modula-
tion accordingo (8), (15). Thenwe getinduceddensitymodulationattheentrance
to themiddledipole.We assumet to be muchlargerthantheinitial one.Thenpar
tially compressetdeam(compactiorfactoris equalto Rsg/2) in the middledipole
getsagainmodulatedn enegy atanew frequeng:

hRss\ ' 20k
56) = YR

kmi =11 )
ddle ( + Cr1

where(C is thetotal compressioriactorof BCC. As aresult,we have aninduced
density modulationat a final frequeny Ck in the end of BCC, which is again

assumedio bemuchlargerthanthemodulationin themiddledipole.So,weassume
the gain in eachstageto be large and negglect phaserelationsas we did in the

previoussection.

The calculationof the gain in eachstageis similar to that presentedn the
previous section.The main differenceis thatnow the enegy modulationlinearly
increasesnsidedipoles.Thereforea particlewith a givenenegy deviation (atthe
endof thedipole) getstwo timessmallerangularkick in comparisorwith the case
whenthis enegy deviation existsin front of thedipole.So,thegainis reducedy a
factorof two in eachstage Leaving out the detailsof calculation,we presenthere
thefinal resultfor the BCC gainin densitymodulation:

8/3 2
G(kft> = Gmax (%) exp{—% [(kft> —1]} , (16)

wherethe optimalfrequeng is givenby

_ 3 C(C?*+1)?0
Fop = \/;|R56|¥—7, (17)
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andthemaximalgainis

Gmax = a'g(2)f1 (C) . (18)

Herea is numericalconstan{e is the baseof naturallogarithm):

a=2" (2>1/3 (F(2/3)>2 ~ 1.08,

el 3

go IS thegainparameter:

Iy (v 1/ Ly
P (o) B4 19
e (a) (R (19)

andthefunctionof compressiorfactor f,(C), hastheform:

20%3(C +1)'/3
H(€) = (02(+ 1)4/1

(20)

Sinceenegy modulationsare inducedinside bunchcompressqrone canalso
calculatethegainin enegy modulation If thereis a smallperturbatiorwith ampli-
tudeA~ in front of BCC, it is corvertedinto thedensitymodulationattheentrance
to the middle dipole. ThereCSRinducesenegy modulationwhich is assumedo
be muchlargerthantheinitial one.Thenthe beamgetsfurtherbunchedn density
while moving to the entranceof thelastdipole.In thatdipole the enegy modula-
tion is induced(muchlargerthanthatin the middle dipole). The gain, definedas
aratio betweerfinal andinitial amplitudesof enegy modulation,is thengivenby
(16) with &,y givenby (17). Themaximalgaindiffersfrom (18) andcanbewritten
as

Gmax = 2ag§f2(0) ) (21)

where

_20%(C+ 1)

f(C) = (C2 4+ 1)4/3 (22)

Let us commenton the behaiour of functions f;(C) and f»(C). As we have
alreadymentionedthe final optimalfrequeng is almostindependenbf compres-
sionfactor Theinitial optimal frequeng is lower whenthe compressioriactoris
larger, i.e. CSRis wealer in the first dipole. In addition,the bunchingprocesds
lesseffective for lower frequenciesThis explainswhy f;(C) quickly decreases.
The counteractingprocesss the growth of the beamcurrentduring compression.
In thelastdipole CSReffectsarestrongeffor largercompressiofiactor Thisis im-
portantfor the gainin enegy modulation.As a result,function f, hardly depends
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on C' in practicallyinterestingregion. It is worth mentioningthatfinal density(en-
ergy) modulationsare definedby the gain andby initial modulationsWhenC' is
larger, the gain curve is shiftedtowardslower frequenciesvherethe components
of the beamspectrumare larger, in general. Therefore,one may expectstronger
perturbationf the longitudinal phasespacein the final stateof the beamwhen
compressiorfactoris larger. For the samereason(larger initial modulations)the
strongestffectmaybeobserednotatthe optimalfrequeng but atlower frequen-
cies.
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Photon Diagnostics for the X-ray FELs at TESLA
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Hamburger Synchrotronstrahlungslabor HASYLAB, DESY, Notkestr. 85, D-
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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 e ectron 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 2.5keV 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 5m 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 alocal control system which is part
of acentral undulator control unit.

118



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.

A
\/

440 m
Cell 120 m

Photon || User

EPDHD _DDDBD - DDDHD —ﬁm‘_ﬂ%

hv Diagn. Exp.
- > Photon BPM
1.im 50m , 53cells = 323 m
6.1m Intersection Components:  @BPM D Quadrupole

[] Phase shifter [] horizontal steerer [ vertical steerer

Fig. 1. Schematic outline of a prototype TESLA FEL beamline.

Wavefront calculations have been performed for the parameters of SASEL[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.
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2. Trajectory alignment

It has been shown [11] that a random rms quadrupole offset of 1 um will lead to a FEL gain
reduction of ~10%. This value, corresponding to a 2™ field integral of I, = 83 Tmm?, is also
considered as upper limit the trajectory displacement within a single undulator segment. The
resulting requirement for angular trgjectory alignment within a 5 m long undulator segment is
0.2 prad.
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Fig. 2 top part: Energy spectrum of the spontaneous radiation of a single 5 m long undulator
segment a a wavelength of ~1 A. Solid: emittance effects included, dashed: filament electron
beam. Lower part a—): 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).

Spontaneous radiation of the 1%, 3 or 5™ 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 1% harmonics of a single SASE1 undulator segment for inclusion of the finite emittance
(solid) and for afilament electron beam (dashed). As expected, the emittance influence is still
small for the (spontaneous) spectrum of the 1% harmonics. The lower part of Fig. 2 displays
gpatial distributions for glightly 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%o. to higher
energies (Fig. 2 ¢) 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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gpectrum. 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 pum and 280 um at a distance of 100 m is obtained for the
3 and 5™ harmonic, respectively. Going to even higher energies narrows the spatial
distribution only by a negligible amount (~10um) as the photon beam divergence is now
dominated by the emittance. Assuming a mean spatial line width of ~330 um, an accuracy of
~7% of the FWHM (working with the 5" harmonics) or correspondingly 20 pm of the
obtained spatial distribution has to be achieved in order to cope with the specified angular
resolution of 0.2 prad. 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 3 (a) and 5" (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 p-parameter (4010, 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 p-parameter the precision requirement
for the gap adjustment is in the order of ~3 um. Fig. 4 displays the intensity obtained for a
fixed observation energy at the 5™ 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 um. 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.

i i Fig. 4: Photon intensity as function of
I gap detuning for a constant observation
energy of 61.5keV (5" harm); the
reference gap corresponds to the open
gap position (23mm).
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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

122



the following segment is in phase with that of the previous for al 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 Esng. In case of fully destructive interference, the undulator spectrum shows intensity
maxima below and above that value. The spatial radiation distribution at E = Esnq is cone-like
in the matched phase condition whereas the radiation is emitted in aring in the destructively
interfering case.

The easiest way to monitor the phase is to observe the photon intensity at constant energy
Eobs = Efung 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
Ttto 21t Thiswill be sufficient to tune the optical phase within the required accuracy.
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Fig. 5: Spectral distribution of two successive undulator segments (tuned to an energy of
12.3 keV) for a phase difference of 2t (solid) and 1t (dashed). The corresponding spatial
intensity distributions are strongly structured once the detection energy deviates from the
undulator fundamental or the phase shift differs from 2. The spectrum of a single undulator
segment is shown for comparison (dot-dash).
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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 date-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. lonization chambers with so-called backgammon
electrodes, which have been developed at Spring8[14], exhibit a sensitivity of about 1 um
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 severa undulator segments. It will be possible to
observe an image at the energy of the 1% and 5™ 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.

p - tilting stage —
> ﬂ ; » beam

y - translation ——» F

Laue - case Si - crystal

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
(1% and 5™ 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 um 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 5™ harmonic using Si(333) and for the 1% 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 5mm? and the need for a 12 pm? 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 1024x1024 pixel CCD chip will be
5 um?/pixel. This estimate assumes present day fibre optic tapers with a fibre diameter of
6 um 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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Statistical properties of SASE FEL radiation:
experimental resultsfrom the VUV FEL at the
TESLA Test Facility at DESY
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Abstract

This paperpresentsan experimentalstudy of 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 about106. It
is shavn that fluctuationsof the output radiationenepgy follows a gamma-distribation.
We alsomeasuredor the first time the probability distribution of SASE radiationenegy
aftera narrav-bandmonochromatorThe experimentakesultsarein goodagreementvith
theoreticalpredictions the enepgy fluctuationsafter the monochromatofollow a negative
exponentialdistribution.

1 Introduction

The correctdesignof a self-amplifiedspontaneousmissionfree electronlaser
(SASE FEL) andthe planningof the equipmentand experimentsof FEL users
dependstronglyon an understandingf the radiationamplificationprocessn the
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SASEFEL andtheknowledgeof the propertiesof the outputradiation.Theampli-
fication procesdn the SASE FEL startsfrom the shotnoisein the electronbeam.
This implies that the SASE FEL radiationitself is of a stochasticnature.Theo-
retical investigationd1] predictthatthe radiationfrom a SASE FEL operatingin

the linear regime possesseall the featuresof completelychaoticpolarizedradi-
ation. In particular the probability densityfunction of the enegy in the radiation
pulseshouldfollow the gammadistribution, andthe intensity after a narrov-band
monochromatoshouldfluctuatein accordanceavith a negative exponentialdistri-

bution.

2 Theoretical background

In thelinearmodeof operationthe SASEFEL canbetreatedasa narrav band
lineardevice whichfilters awide bandrandominput signal— shotnoise.A general
property of suchdevicesis that an outputsignalis a Gaussiarrandomprocess.
The propertiesof SASE FEL radiationcan be adequatelydescribedn termsof
statisticaloptics: time and spectralcorrelationfunctions, probability distributions
of finite-time integrals of the radiationpower (i.e. enegy in the radiationpulse),
and probability distributions of the radiationenegy after a monochromatorThe
radiationfrom a SASEFEL operatingn thelinearregimefallsinto the category of
statisticalopticscalledcompletelychaoticpolarizedlight [2]. A detailedstudy of
thestatisticalpropertieof theradiationfrom a SASEFEL is presentedh [1]. Here
we summarizesomeresultsrelevantto the SASE FEL operatingin the high-gain
linearregime:

e Thedistribution of theinstantaneousadiationpower P is anegative exponential
distribution:

1 P
)= e (- 5). ®
(P) (P)
where(P) is theaveragepower.
e Finite-time integrals of the instantaneougpower (i.e. enegy in the radiation
pulse)follow a gammadistribution:

=it () e () @

wherel' (M) isthegamméunction,M = 1/5%,, ando?, = (W —(W))?)/(W)2.
TheparameteM canbeinterpretedasthe averagenumberof “degreesof free-
dom”or “modes”in aradiationpulse.In thehigh-gainlinearregimetheradiation
from SASEFEL is almostcompletelytrans\erselycoheren{3], andthe value
of M is the typical numberof spikesin the radiationpulse.When M tendsto

unity, thedistribution (2) tendsto a negative exponentialdistribution (1). When
M > 1, thedistribution (2) tendsto a Gaussiardistribution.
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e Theprobabilitydensitydistribution of theradiationenegy afteramonochroma-
tor, p(W), is alsodescribedatherwell by agammaprobabilitydensityfunction.
Whentrans\erselycoherentadiationis filteredby amonochromatqthenumber
of modesgraduallydecreasewith increasingof the monochromatoresolution.
Whenthe latter value becomesarrover thanthe width of a spike in the spec-
trum, the numberof modesin the filtered radiationapproachesinity, andthe
fluctuationsof theradiationenepy aredistributedin accordancevith a negative
exponentialdistribution (1).

3 Description of the FEL facility

The experimentalresults presentedn this paperhave beenachiared at the
TESLA TestFacility (TTF) Free-ElectroaserattheDeutsche&lektronen-Synchrotron
DESY. Thegoalof theTTF FEL is to demonstrat&ASEFEL emissionn theVUV
and,in asecondohaseto build a soft X-ray userfacility [4].

Theinjectoris basedon alaserdriven 13-cell rf gunelectronsourceoperating
at 1.3 GHz [5-7]. Thegunsectionis followed by a 9-cell superconductingavity,
boostingthe enegy to 16 MeV. Two superconductingcceleratingnodulesaccel-
eratethe electronbeamup to an enegy of 300 MeV [8]. A bunchcompressors
insertedbetweerthetwo acceleratingnodulesjn orderto increaseéhepeakcurrent
of thebunch.

Theundulatoris afixed12 mm gappermaneninagnetevice usingacombined
function magnetdesignwith a periodlengthof )\, = 27.3mm anda peakfield of
B, = 0.46T, resultingin anundulatorparameteof K = 1.17 [9]. The undulator
systemis subdvidedinto threesegments,each4.5 m long. Thereis a spacingof
0.3 m betweeradjacensegmentsfor diagnosticsThetotal lengthof the systemis
14.1m. Thebeamorbit straightness theundulatoiis determinedy thealignment
precisionof the superimposegermanent-magnefuadrupoldieldswhichis better
than50 zm in bothverticalandhorizontaldirection.

Dipole BC2

e-
RAFEL

) Undulat
DipoleBC2 ACC2 ndurator Dipole EXP1 Chamber
ok Jﬁ, I [T T ﬁw\

RDU

' (I
RAFEL Collimator
chamber

e-
66 m |
[ |

Fig. 1. Generalayoutof theexperimentafacility. HereBC2is thebunchcompressgiicc2
is the secondacceleratingnodule(120to 240 MeV), RDU denoteghe radiationdetector
unit (seeSec.4.2or details).RAFEL chamberdowvnstreamthe undulatorhousesa plane
SiC mirror, andthe chambeiin the BC2 areahosesa grating.Both RAFEL chambersare
equippedvith MCP-basedadiationdetectors
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Tablel

Main parametersf theVUV FEL at TESLA TestFacility

Parameter Measured value
beamenepgy 180-270MeV
rmstrans\ersebeamsize 100 £ 30 pm
electronbunchchage 1-3nC
peakelectroncurrent 400-600A
bunchspacing 0.444ns
numberof bunchesn atrain 24
repetitionrate 1Hz
undulatorperiod, A, 27.3mm
undulatorpeakfield 0.46T

effective undulatodength 13.5m
radiationwavelength \pp 80-180nm

FEL gain 10°
spectrumbandwidth(FWHM) 0.6%

FEL radiationpulseenegy 10-15uJ

FEL radiationpulselength 0.5-1ps

FEL radiationpeakpower 10-20MW

FEL radiationpeakbrilliance  10%” phot./sec/mradmn?/(0.1% BW.)

4 Experimental study of statistical properties of SASE FEL radiation

The main parameterdgor FEL operationare compiledin Table 1. Sincethe
first lasingof the SASEFEL at DESY (February2000)its performanceéhasbeen
graduallyimproved. The radiationwavelengthis continuouslytunablein a wide
rangefrom 80to 180nm[10]. At presenthe SASEFEL gainis tunedto thevalue
of about10°, of aboutoneorderof magnitudebelow the gainat saturationThis is
asignificantimprovementcomparedo the FEL gainof about3 x 10® obtainedast
year[11]). Theenegy in theradiationpulseis about10-20.J,thepulsedurationis
0.5-1ps,the peakandaverageradiationpower areabout20 MW and0.2-0.3mW,
respectiely. The peakbrillianceis about10?” phot./sec/mratimm?/(0.1% BW.).

The stableoperationof the facility hasenabledus to perform detailedstud-
ies of the statisticalpropertiesof the radiationfrom the SASE FEL operatingin
the high-gainlinearregime. The FEL radiationhasbeenmonitoredwith an MCP-
baseddetectorconsistingof a thin gold wire scatteringatiny fractionof the SASE
FEL radiationonto a micro-channeplate (MCP) [12]. The dynamicrangeof the
detectoiis abouteightordersof magnitudevhich coversthewholeoperatingange
of a SASEFEL (from spontaneousmissionup to saturation).The schemeof ex-
periments presentedn Fig. 1.
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4.1 Fluctuations of the energy in the radiation pulse

Measurementsf theenegy in theradiationpulseshave beenperformedoy the
MCP-basedletectorinstalleddownstreamthe undulatorin the RAFEL chamber
(seeFig. 1). The acceleratohasbeenoperatedvith 24 bunchesn atrain (1.8nC
bunchchage,0.444nsbunchseparationat 1 Hz repetitionrate. The radiationde-
tectormeasureanegy for every bunchwith relatve accurag of betterthan5%.
Fluctuationsof the outputradiationenegy occurfrom train-to-trainandbunch-to-
bunchwithin a train. In generalthey may be causednot only by statisticalfluc-
tuationsof the SASE FEL radiation,but alsoby unstableoperationof the accel-
erator During the experimentwe performedsimultaneousneasurementsf indi-
vidual bunchchagesandoffsetsat the undulatorentrancethe mostcritical beam
parameterifluencingthe FEL processTheanalysisof theresultsshavs thatthe
machinefluctuationswere small andwe did not find a significantcorrelationbe-
tweena variationof the abose mentionedparametersindthe outputradiationen-
emgy. Thus,we concludethat the measuredluctuationsof the radiationenegy in
the buncharedominatedoby the statisticalpropertiesof the SASE FEL radiation.
During the experimentwe storedinformationon 2000macropulsegandplottedthe
probability distributions of the radiationenegy. Figure 2 illustratesrelevant dis-
tributionsfor differentbunchpositionsin thetrain. The solid curvesrepresenthe
gamma-distribtion (2). The paramete = 1/0%, hasbeencalculatedfrom the
experimentabata.lt is seerthatthereis goodagreementf themeasurementsith
theoreticalpredictions.Figures3 and 4 shaws the averageradiationenegy and
parameterV/ alongthetrain.

Thedeterminatiorof the parametel/ givesusvaluableinformationaboutthe
propertieof theradiationpulsein time domainwhich cannotbemeasuredlirectly.
Indeed,typical pulsedurationof SASEFELSs s abouta fraction of a picosecond.
Theresolutiontime of modernfastphotoelectriadetectorss muchlargerthanthis
value,abouta fraction of nanosecondyhich allows to measureonly total enegy

2.0 T T T T 20

0.5+ 1 0.54

0.0 : . : T 0.0 : . ; T
0.0 05 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5

E/<E> E/<E>

Fig. 2. Probability distribution of the enegy in the radiation pulse. Left and right
plots correspondo the first and the last bunchin the train, respecttely. Solid curves:
gamma-distribtion.
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Fig. 4. Numberof radiationmodes M, versuspositionof the bunchin thetrain

of theradiationpulse.For the SASEFEL operatingin the high-gainlinearregime
thevalueof M hasa direct physicalmeaningnamelyit is about(in average)the
numberof modes(or spikes)in the radiationpulsein time (or spectral)domain.
Thetypical scaleof a spike in the frequeng domainis theinversevalueof thera-
diationpulsedurationT. Thespectrawidth Aw of theradiationfrom a SASEFEL
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Fig. 5. Single-shotspectrumfrom TTF SASEFEL (circles). Spiky structurearenot seen
dueto low resolutionof monochromatoiThesolid curve presentshetheoreticaprediction
for theaveragedspectrum

canbe measuredvithout problems A relevantmeasuremerfor our experimentis
presentedn Fig. 5. Thus,theradiationpulselengthis givenby M/Aw. Usingthe
datapresentedn Figs.4 and5, we concludethattheradiationpulselengthis about
0.5ps.

4.2 Fluctuations of the energy after narrow-band monochromator

Measurementsf fluctuationsof theradiationenegy afterthe monochromator
have beenperformedusinga narrov-bandmonochromatoof the RAFEL (Regen-
eratve Amplifier FEL [13]) optical feedbacksystem.The schemeof the experi-
mentis explainedin Fig. 1. The SASEFEL radiationemittedby the electronbeam
is back-reflectedy a planeSiC mirror (RAFEL chamberat the right side of the
schemepntomonochromato(RAFEL chambeattheleft sideof thescheme)The
RAFEL monochromatois asphericafgratingin Littrow mountingwhichdisperses
the light in the direction of the radiationdetectorunit (RDU) installed27 meters
downstream.The RDU is equippedwith an MCP-basedadiationdetectorwith a
thin (200 m) gold wire which playsthe role of an exit slit of the monochroma-
tor. The designof a sphericalgratingin Littrow mountingguarantees resolution
of about(Aw/w)y ~ 10~* which is lessthantypical scaleof the spike in spec-
trum Aw/w ~ 3 x 10~ (this valueis givenby the SASEradiationspectrumwidth
divided by the numberof modesM). The experimentalprocedurds the sameas
being describedn the previous section.We storedinformation on 300 radiation
pulsespassednonochromatoandplotteda histogramof the probability distribu-
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Fig. 6. Probabilitydistribution of theenegy in the SASEradiationpulseafternarrav-band
monochromatorSolid line: negative exponentialdistribution

tion of the radiationenepy in the pulse.The solid curve in Fig. 6 representshe
negative exponentialdistribution (1). It is seenthat thereis good agreemenbe-
tweenexperimentabndtheoreticakesults.
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