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Different focusing solutions for the TTF-FEL
undulator

B. Faatz, J. Pfluger

Hamburger Synchrotronstralungslabor (HASYLAB) at Deutsches FElektronen-Synchrotron (DESY),
Notkestr. 85, 22607 Hamburg, Germany

Abstract

While aiming at shorter wavelengths, the SASE-FEL undulators become longer. Therefore, maintaining
the small electron beam sizes required, the question of what kind of focusing structures should be used
for optimum performance becomes of increasing interest.

Present SASE FEL undulators that have been developed and proposed for future FELS both include
integrated focusing (TTF-FEL), seperate function quadrupoles combined with the natural undulator

focusing (LEUTL) and triplet or FODO structures.

In this contribution, the consequence of the different undulators designs in terms of alignment (toler-

ances) and flexibility will be discussed.

1. Introduction

First SASE results of the TESLA Test Facility
(TTF) FEL have shown that the undulator per-
forms according to predictions [1],[2]. The gain,
which is measured to be of the order of 3000, is
not close to saturation, this is partly because the
tolerance level of 10 pm alignment rms of the elec-
tron beam along the entire undulator is not pos-
sible as long as the beam based alignment pro-
cedure has not been performed, something which
has not been possible so far.

The advantages of the present undulator de-
sign with its integrated quadrupoles are obvious
[3]. The S-function can be made both small and
almost constant. This would not be possible with
a separate focusing structure unless one uses short

undulator segments (/2 0.4m). In this case a lot
of additional space would be needed in addition
to the undulator segments.

However, there are also a number of draw-
backs. In order to keep the g-function constant,
one needs in the order of two quadrupoles per me-
ter for the TTF-FEL parameters. These have to
be aligned with high accuracy. Although the ac-
tual alignment of quadrupoles is close to the val-
ues needed, one still has to re-steer the beam to
compensate for residual quadrupole kicks. In order
to know what values of the correctors are needed,
beam based alignment has to be performed. Be-
cause the quadrupole strength is fixed, one has to
vary the electron beam energy in order to mini-
mize dispersion or determine offsets of the beam
position monitors (BPM) [5],[6]. For this reason,
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Fig. 1. Layout of the doublet structure with between
undulator segments a doublet and a diagnostic block.

many steerers and BPMs are needed along the un-
dulator, resulting in a complicated design of the
vacuum chamber [7].

As an alternative, one could consider a sepa-
rate focusing structure. If we do not change the
basic design of the undulator, i.e. each segment
has a length of approximately 4.5m, then the
quadrupoles at this moment integrated into the
undulator would have to be taken out. Addi-
tional space is needed for the quadrupoles between
the undulator segments. Because of the length
of the segments, a FODO-structure is not possi-
ble because of the large phase-advance between
quadrupoles at [G-functions that are needed. In
fact, an average (-function smaller than 9m is
not possible, with Sa5 /Bmin & 5. The only alter-
natives are doublet or triplet structures. Because
a triplet structure takes more space and due to
problems with debunching (see next section), we
have chosen to analyse the doublet structure as
shown in Fig. 1.

2. Debunching in a separate focusing
structure

In any FEL, debunching occurs due to longi-
tudinal velocity spread, 1.e. due to energy spread
and finite emittance of the electron beam and the
betatron oscillation performed by individual elec-
trons. The influence of energy spread effects and
emittance has been well recognized and leads to
limits on those two parameters for all FELs [8][9].
Also the influence of focusing has already been

described before [10].

The additional problem occuring with the sep-
arate focusing is the pathlength difference due to
different initial conditions for the individual elec-
trons. An electron with zero transverse position
and momentum will enter a next undulator seg-
ment at a different time than an electron with
an 1nitial angle and offset. Averaged over all elec-
trons, this results in debunching in the space be-
tween undulator segments, and therefore a strong
decrease in gain. If one looks at the difference in
path length of an electron of initial offset and an-
gle (x,2') compared to an on axis electron, this
can be written as

4 2

A= [0 - e 5 [ a2)dc,

0 0

N | —

and similar in the y-direction. Expressed in terms
of initial conditions and transfer functions C” and
S’ (see for example [11])

1., ] 1.
Al = §x§/0’2(C)dC+ §xg2/5’2(c)dc

0 0

+x0x6/Cl(C)S’(C)dC.
0
Averaged over all electrons, this results in

200 2<AL>
=t o,

€ €

/ C(¢)dc+
0

2 4

w0 [ 820 =200 [ IS, (1)
0 0

with agp, 8y and 7y the Twiss parameters. The
value for ¢ gives an average phase shift, o, =<
A% > — < AL >? gives the debunching. From
Eq. (1) one can see that the effect becomes smaller
for smaller emittance. A reduction of the Twiss
parameters also makes the effect smaller. This
would result in a preference for shorter undulator
segments, which on the other hand would result
in more quadrupoles to reach the same effective
undulator (interaction) length.

In the next section, a numerical example will
be worked out for the TTF-FEL parameters.
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Fig. 2. Power (a) and bunching (b) for an integrated
FODO lattice (solid line) and a separate doublet (dashed
line). The vertical dotted lines indicate the start of a
new undulator for the doublet structure. The undulator
segment length is the same in both cases.

3. Comparison of integrated with separate
function undulator

Because the debunching is most severe at the
smallest wavelength, only the 6.4 nm case is stud-
ied here. Even if the effect still occurs at longer
wavelengths, there i1s enough undulator space
available to reach saturation in those cases.

The following problems will be addressed:

e Increase in saturation length

e Variation in saturation length with effective
shotnoise power

e Tolerances on quadrupoles

e Strength of correctors needed to correct
quadrupole offsets

e Accuracy of beam position monitors

For the nominal parameters given here, the sat-
uration length is given in Fig. 2a. Even though
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Fig. 3. Power for a separated doublet with a reduced
space between segments. The total space has been reduced
to 546 mm, the drift space to 273 mm, the quadrupole
gradient is 50 T/m for an optical length of 70 mm. The
vertical dotted lines indicate the start of a new undulator.

the radiation power level still increases in the the
last undulator segment, the power in additional
segments only increases further by some 25 %. For
comparison, the power growth along the undula-
tor is shown for the integrated FODO structure.
In Fig. 2b, the corresponding bunching for the two
structures is shown.

As can be clearly seen, at each intersection be-
tween undulator segments, the bunching decreases
in case of the separate doublet focusing struc-
ture. The power level, which is reached within
5 undulator segments in case of the integrated
FODO structure, is only reached after 6 in the
doublet structure. Note also that close to satura-
tion, the bunching still decreases inside the un-
dulator. Changing the pag between segments can
prevent this, but decreases the start of the power
growth in the linear regime (far from saturation).
The possibility of using phase shifters in order to
change the phase shift between segments is under
investigation.

It 1s possible to reach the power level at an
earlier stage. The large angles introduced due to
the stroing focusing, result in a large debunching
in the drift space between the two quadrupoles
(328 mm in this case). This space, which is
planned at the moment for a diagnostic station,
could possibly be reduced. Fig. 3 shows the result
if this space is reduced.

In Fig. 4, the power growth along the undulator
is shown for three different values for the effective
shotnoise power. As can be seen, there is still an
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Fig. 5. rms orbit deviation for a random misalignment of
quadrupoles within 3 um.

increase in power of approximately 20 % between
an input power of 8 and 800 W within the total
undulator length.

One of the main advantages of the separate fo-
cusing 1s that the number of quadrupoles can be
reduced. The tolerances on undulator alignment
becomes more relaxed but is now transferred to
the alignment of the individual quadrupoles. In

Fig. 5, the rms value of the orbit deviation of the
electron beam along the undulator is shown for
randomly misaligned quadrupoles within 3 gm. In
this case only in 2 % is the power reduction larger
than 10 %. For misaligned quadrupoles this num-
ber is increased to approximately 8 %. As has been
shown before, the rms orbit deviation should not
exceed 20 % of the beam size [4]. In this case, be-
cause of the large variation in beam size along the
undulator, the accuracy of such a general state-
ment is doubtful.

Because an alignment of quadrupoles within
3 pm is not possible, beam based alignment could
be used to align the quadrupoles from their pre-
aligned positions to the final position. The two
quastions to be answered are then what strength
of correctors are needed to correct the quadrupole
center and what BPM resolution is required to
detect a quadrupole offset of 3 um or less.

To start with the first of the two, if a corrector
would be integrated into the quadrupole, it has to
be able to shift its center. With a gradient @ T/m,
an offset §x results in a dipole field of ) x dz. For a
gradient of 37 T/m and a typpical offset of 100 um,
the corrector has to have a minimum strength
of 37 Gauss. This value is rather strong. In case
that the quadrupole length has to be reduced in
order to reduce the debunching or if a 100 ym pre-
alignment cannot be achieved, this value becomes
even larger.

As a first indication of the resolution of the
BPMs, the offset at a BPM position due to a
quadrupole with an offset of 3 yum can be calcu-
lated. For a quadrupole with gradient @), an offset
dx and length Lg, the kick is

’ (&

r =

Q(Sl‘LQ .

yme

The offset measured at the position of the BPM
is then z'L,, with L, approximately the length of
the undulator segment, i.e. 4.5 m (assuming that
the undulator can be considered as a drift space.
For the values in Table 1, the offset measured is
10 um for a 1 GeV beam. This is the resolution
that is less than a factor of two more accurate
than we have at the moment.



Table 1
Parameters of the TESLA Test Facility FEL with separate
doublet focusing

Electron beam

Energy, & 1 GeV

Peak current, I 2.5 kA

rms bunch length, o, 50 ym

rms normalized emittance 27 mm mrad

rms energy spread 1 MeV

External g-function, 4.5 m

rms transverse beam size 70 pm
Undulator

Type Planar, Hybrid

Focusing structure Separate, Doublet

Period, Ay 27.3 mm

Segment length 445 m

Distance between segments 710.0 mm

Peak magnetic field, Hy 05T

Focusing structure Doublet

Quadrupole optical length ~ 82.0 mm

Quadrupole strength 37.0 T/m
Output radiation

Wavelength, A 6 — 60nm

4. Discussion

Under ideal circumstances, the integrated
FODO-structure used in the TESLA Test facil-
ity undulator has a better performance. At the
same time, the alignment tolerances for the un-
dulator is very tight. In addition, the vacuum
chamber with integrated beam position monitors
(BPMs) and corrector coils is more complicated
to construct than the chamber for the separate
function lattice. Although the performnce of the
latter structure is not as good, its advantage is
that the alignment of undulators is more relaxed,
less BPMs and correctors are needed and the
beam based alignment procedure to align the
quadrupoles is easier to perform. The main reason
for the gain degradation needs more study.
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Abstract

The TESLA Test Facility (TTF) at DESY is a facility producing sub-picosecond electron pulses for the
generation of VUV or soft X-ray radiation in a free electron laser (FEL). The same electron pulses would
also allow the direct production of high-power coherent radiation by passing the electron beam through
an undulator. Intense, coherent far-infrared (FIR) undulator radiation can be produced from electron
bunches at wavelengths longer than or equal to the bunch length. The source described in this paper
provides, in the wavelength range 200-300 pm, a train of about 10 ps long radiation pulses, with about
1 mJ of optical energy per pulse radiated into the central cone. The average output power can exceed
50 W. In this conceptual design we assume to use a conventional electromagnetic undulator with a 60 cm
period length and a maximum field of 1.5 T. The FIR source will use the spent electron beam coming
from the VUV FEL which allows one to extend significantly the scientific potential of the TTF without
interfering with the main option of the TTF FEL operation. The pulses of the coherent FIR radiation are
naturally synchronized with the VUV pulses from the main TTF FEL, enabling pump-probe techniques
using either the FEL pulse as a pump and the FIR pulse as a probe, or vice versa.

1. Introduction

The FIR range of the electromagnetic spectrum is not well covered by intense sources
except of a few operating FELs. The analysis of the parameters of existing FIR FELs
shows that practical sources of broadly tunable, powerful coherent FIR radiation remains
essentially unavailable at wavelengths beyond 200 pm [1-3]. This situation, however,



might change soon. The development of magnetic bunch compression systems, together
with advances in superconducting accelerator technology and design, now offers the new
possibility of laser-like sources in the far-infrared wavelength range. The generation of
relativistic, sub-picosecond electron pulses allows the direct production of high-power, co-
herent, narrow-band, FIR radiation by passing the electron beam through an undulator.
This provides a reliable and easily tunable powerful source of FIR radiation for scientific
applications [4,5].

The TTF is a facility producing sub-picosecond electron pulses (50 gm rms) for the
generation of VUV or soft X-ray radiation. Utilizing these sub-picosecond electron bunches
can also provide broadband FIR source. Intense, coherent FIR radiation can be produced
from sub-picosecond electron bunches at wavelengths longer than or equal to the bunch
length. The total radiation from an electron bunch is the summation of the electric fields
emitted by each individual electron and the total radiated energy is then equal to the
square of the total electric field. The coherent radiation energy is proportional to the
square rather than linear proportional to the number of radiating electrons. Since there
are 6 x 10% electrons in each bunch, the radiation intensity is enhanced by this large factor
over the incoherent radiation. This paper describes such a coherent source, proposed as
part of the TTF FEL user facility. The FIR source addresses the needs of the science
community for a high-brightness, tunable source covering a broad region of the far-infrared
spectrum — from 200 to 300 gm. The FIR radiator described in this paper provides a train
of about 10 ps long pulses with about 1 mJ of optical energy per pulse into the central
cone. The average output power can exceed 50 W.

The pump-probe technique is one of the most promising methods for the application
of a high power FIR source [6]. It is the aim of the present project to develop a user
facility for pump-probe experiments in the picosecond regime, combining FIR and short-
wavelength FEL radiation. The TTF will allow, for the first time, the integration of a
far-infrared coherent radiation source and a VUV beamline. One type of experiments will
use the VUV FEL beam as a pump and the far-infrared photon beam as a probe; in this
mode, researchers will be able to study the vibrational structure of highly excited and
superexcited molecules. The other mode — far-infrared beam pump and VUV beam probe
— can be used to study cluster energetics and dynamics. The FIR radiation can be used to
excite the clusters, which can subsequently be dissociated or ionized by the VUV radiation.
Spectroscopic and structural information can thus be extracted. Spectroscopy of gas-phase
free radicals will also benefit from the FIR beam pump and VUV beam probe experiments.
In these experiments, a cold molecular beam containing a small concentration of radicals
would be excited by the intense FIR beam, tunable across the absorption spectrum. Since
the density of radicals in the beam is not high enough to allow the direct measurement of
absorption, a VUV beam from the TTF FEL would be used to detect the infrared-exited
states of molecules by selectively ionizing the vibrationally excited radicals.



2. Temporal coherent undulator radiation

The electron beam current is made up of moving electrons randomly arriving at the
entrance to the undulator:

[@):(_f)g;gg__m),

where (- - -) is the delta function, (—e) is the charge of the electron, N is the number of
electrons in a bunch, and #; is the random arrival time of the electron at the undulator
entrance. The electron bunch profile is described by the profile function F(¢). The beam
current averaged over an ensemble of bunches can be written in the form:

{{(1)) = (=e)NF(1).

The probability of arrival of an electron during the time interval ¢,¢ + dt is equal to
F(t)dt.

The radiation power at the frequency w, averaged over an ensemble, is given by the
expression:

(P(w)) = p(w)[N + N(N = 1)| F(w)["] .

where p(w) is the radiation power from one electron and F(w) is the Fourier transform of
the bunch profile function. For wavelengths shorter than the bunch length the form factor
reduces to zero and approaches unity for longer wavelengths.

To optimally meet the needs of basic research with FIR coherent radiation, it is desirable
to provide specific radiation characteristics. To generate this characteristics, radiation is
produced from undulator installed along the electron beam path. The undulator equation

K* -
w = QC]CW’)/Q [1 —|— 7 —|— 7202]

tells us the frequency of radiation as a function of undulator period Ay = 27/ky,, undulator
parameter K, electron energy v, and polar angle of observation 6. Note that for radiation

) 1+ K2/2
con — ")/\/N—W

the relative spectral bandwidth Aw/w ~ 1/Ny, where Ny, is the number of undulator
periods. The energy radiated into the central cone, for a single electron, is given by

within the cone of half angle

ABon ~ me* Adjwo K2 [[c(1 + K?/2)] .



Table 1
Parameters of the FIR coherent radiation source
Electron beam

energy 1000 MeV
bunc char%e 1 nC
rms bunch Tength 50 pm
rms emittance 2 7 mm-mrad/~y
rms energy spread 2.5 MeV
bunch repetition rate 9 MHz
uty factor 1%
Undulator
type Planar
period

. 60 cm
peak magnetic field 1.2-15T

number of periods 10
Output radiation

wavelength 200-300 pm
bandwidth transform-limited
peak power 100 MW

average power
micropulse duration 10 ps
micropulse energy 1mJ

Here wy = 2v%ky /(1 4+ K?/2) is the resonance frequency, Ay = [Jo(Q) — J1(Q)] , J,, is the
Bessel function of nth order, @ = K?/(4 + 2K?). The coherent radiation enhances the
energy radiated into the central cone by a factor of N|F(wp)|?.

3. Facility Description

In the far-infrared, beyond 200 gm, a source based on coherent undulator radiation has
unique capabilities. In this paper we propose to integrate such a source into the TESLA
Test Facility at DESY [7,8]. This source will be able to deliver up to 800 us long trains of
FIR pulses at a separation of 111 ns with about 10 ps duration!, 1 mJ energy radiated
into the central cone, and 200-300 gm wavelength. The superconducting linac will operate
at about 1 % duty factor, and the average output power of coherent FIR radiation can
exceed 50 W.

We propose to install an additional undulator after the VUV SASE FEL. Because
the FIR source uses the electron beam coming from the VUV FEL, the proposed source
operates in a ”parasitic’” mode not interfering with the main mode of the VUV FEL
operation (see Fig. 1). Starting point of the design are the project parameters of the
electron beam after the VUV FEL at the TTF (see Table 1). The planar undulator is an
inexpensive electromagnetic device with 10 periods, each 60 cm long. At the operation
wavelength of the FIR source around 300 pm the peak value of the magnetic field is about
1.5 T.

Many practical applications require to control the shape and time characteristics of
the FIR pulse. For instance, closely spaced picosecond FIR pulses with controllable phase
relations are needed for coherent multi-photon excitation and selective excitation of, for

I When the electron bunch moves along the undulator, the electromagnetic wave advances the electron beam by one
wavelength at one undulator period
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Fig. 2. FIR pulse profiles generated by the FIR undulator in the central cone (300 ym wavelength). Plot (a) illustrates the
pulse produced by a uniform undulator (rectangular pulse of 10 ps duration). Plot (b) illustrates the case when four central
poles are switched off (two pulses of 3 ps duration each delayed by 3 ps)

example, certain molecular vibrations. The proposed FIR source provides wide possibilities
to control and modify in a well-defined manner the shape of the radiation pulse on a
picosecond time scale (see Fig. 2). The electron beam passing uniform undulator produces
FIR pulse with rectangular profile. FIR optical pulses can be shaped in a complicated
manner by means of individual tuning of the magnetic field in each period. It is important
to stress that resulting shape (spectrum) of FIR pulses can be well described analytically
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for this source.

Proposed FIR source is compatible with the layout of the TTF and the VUV FEL
at DESY, and can be realized with minimal additional efforts. The undulator and out-
coupling optical system can be installed in the unoccupied straight vacuum line used for
the electron and VUV beamlines behind the dipole magnet separating the electron beam
from the VUV beam (see Fig. 1). In order to make use of the FIR radiation an additional
mirror is needed to couple out the major fraction of the optical power in the central cone
and to direct it to the experimental area. The distance between the mirror and the exit
of the second undulator is 10 m, the distance between the mirror and the exit of the
FEL undulator is about 16 m. The minimum size of the hole in the outcoupling mirror is
defined by the condition that VUV radiation losses due to hole aperture limitation should
be avoided. The fraction of the output FEL power passing the mirror hole is calculated
from the angular distribution of the VUV radiation (20 urad rms). For a hole diameter
of 2 mm the fraction of VUV power directed into the experimental area is close to 100%.
Due to the angle-frequency correlation of the coherent undulator radiation the required
frequency bandwidth of radiation could be provided by angular selection. To provide a
natural selection of coherent radiation in the central cone (0o, =~ 5 mrad), the radius of
the mirror should be equal to 6 cm at a distance of about 10 m between the exit of the
second undulator and the mirror.

The operation of the proposed FIR source is insensitive to the emittance of the electron
beam, since the condition of optimal electron beam transverse size is: 0 <« Le/w =~
1 cm?, where L is undulator length. The analysis of the parameters of the FIR source has
shown that it will operate reliably even for an emittance exceeding the project value of
27 mm mrad by two orders of magnitude.

An undulator is a sequence of bending magnets where particles with different energies
have different path length. As a result, the energy spread in the beam leads to the bunch
lengthening in the undulator. When an electron bunch passes the FIR undulator, radi-
ation interaction induces additional energy spread in the electron beam which also can
lead to bunch lengthening. Recently, the problem connected with radiative interaction of
the particles in a line-charge microbunch moving in an undulator has been investigated
analytically [9]. In the case of a Gaussian bunch profile the induced energy spread A FE is
given by:

AE;  r NK*L
— G(p, K 1

where, 1, is the classical electron radius, p = kyo.v?/[(1 + K*/2)] is the bunch length
parameter, and o, is the rms bunch length. Parameter of the FIR source project are:
N =6-10° 0, = 50 um, K = 70 (for 200 ym wavelength), L = 6 m, and v = 2-10°. The

value of ¢ is G ~ 0.5. Substituting these values into (1), we obtain an induced correlated
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energy spread at the exit of undulator AFs/FE ~ 2%. This leads to an increase of the
bunch length:

L(1+ K?*/2) AFE;
22 E

Aly, ~ ~ 20 pm .

Since this value is much less than the radiation wavelength A ~ 200 pgm, we can conclude
that bunch decompression in the undulator due to induced energy spread should not be
a serious limitation in our case.
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Abstract

We propose to use Thomson backscattering of far-infrared (FIR) pulses (100-300 pm wavelength range)
by a 500 MeV electron beam to generate femtosecond X-rays at the TESLA Test Facility (TTF) at DESY.
Using the parameters of the photocathode rf gun and the magnetic bunch compressors of the TESLA Test
Facility (TTF), it is shown that electron pulses of 100-fs (FWHM) duration can be generated. Passing the
short electron bunches through an undulator (after the conversion point) can provide a FIR high-power
source with laser-like characteristics. On the basis of the TTF parameters we expect to produce X-ray
pulses with 100-fs duration, an average brilliance of nearly 10'3 photons s~! mrad =2 mm™2 per 0.1% BW
at a photon energy 50 keV. The total number of Thomson backscattered photons, produced by a single
passage of the electron bunch through the mirror focus, can exceed 107 photons/pulse. We also describe
the basic ideas for an upgrade to shorter X-ray pulse duration. It is demonstrated that the TTF has the
capability of reaching the 10'? photons s~! mrad =2 mm~? per 0.1% BW brilliance at a ten femtosecond
scale pulse duration.

1. Introduction

Understanding the structural dynamics of materials on the fundamental time scale of atomic motion
represents an important frontier in condensed matter research because chemical reactions, phase tran-
sitions, and surface processes are ultimately driven by the motion of atoms on the time scale of one
vibrational period (~ 100 fs). Resent efforts at applying X-rays to probe structural dynamics have used
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Table 1

Major electron beam parameters for 100 fs-scale X-ray facility option

Parameter Value
beam energy 500 MeV
transverse emittance 2 7 mm-mrad/~y
longitudinal emittance 30 m keV-mm
bunch charge 1 nC
bunch repetition rate 9 MHz
duty factor 1%
far=infrared
200 MeW 03 mm
very short wavelength)
{REO=-160 =2 radiation fu-hﬁt;{ ks
electron pulse pulse 1ar —ray

pulse

BN

interaction

-

undulator to users

point
elaclron
focusing mirror bream
with hole dum e

Fig. 1. Basic scheme of the femtosecond X-ray facility

a synchrotron source combined with a femtosecond optical laser [1]. Femtosecond synchrotron radiation
pulses were generated directly from an electron storage ring ALS. An ultrashort laser pulse was used
to modulate the energy of electrons within a 100-femtosecond slice of the stored 30-picosecond electron
bunch. The energy-modulated electrons were spatially separated from the long bunch and used to gen-
erate 300-femtosecond X-ray pulses at a bending magnet beamline. The same technique can be used to
generate 100-femtosecond X-ray pulses. On the basis of the parameters of an ALS small-gap undulator
and for example, laser pulses of 25 fs and 100 uJ at a repetition of rate 20 kHz, Schoenlein and co-workers
expect in the future an average brilliance of 10'! photons s™! mrad=? mm™2 per 0.1% BW at a photon
energy of 2 keV.

Another project of a femtosecond X-ray facility, which is described in detail in this paper, is based on
the idea to use Thomson backscattering of a high power far-infrared radiation pulse from a relativistic
electron bunch. In our project we use 500 MeV electron bunches from the Tesla Test Facility (TTF) linear
accelerator [2] and 200 MW optical pulses from a FIR source based on coherent undulator radiation (see
Fig. 1). The basic TTF electron beam parameters are given in Table 1. In a backscattering geometry,
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the duration of the scattered X-ray burst is determined by the length of the electron bunch. In order to
achieve a small bunch length in the conversion point, the bunch must be compressed in magnetic chicanes.
For this project we assume to use a two-stage compressor design (see Fig. 2). The first TTF magnetic
chicane compresses the bunch from ¢, >~ 1.6 mm to ¢, ~ 0.4 mm. After the first bunch compressor the
electron bunch is accelerated in the next part of the TTF linac from 150 MeV to 500 MeV energy. Then
the electron bunch passes the last part of the accelerating structure (voltage V' = 500 MV) at 90° crossing
phase and the energy spread of the electron beam is increased to about 5 MeV. The electron bunch with
such large correlated energy spread can be compressed in special double magnetic chicane down to o, ~
10 pm.

2. Yield of X-ray photons

We propose to install a special undulator after the interaction point. Intense, coherent far-infrared
undulator radiation can be produced from electron bunches at wavelengths longer than the bunch length.
The undulator equation wy = 2ckyy? [1 + [(2/2]_1 tells us the resonance frequency of radiation as a
function of undulator period Ay, = 27/kyw, undulator parameter K and relativistic factor ~. Note that
for radiation within the central cone the relative spectral bandwidth Aw/w ~ 1/Ny, where Ny, is the
number of undulator periods. The energy radiated into the central cone in the case when the resonance
wave length much longer that the bunch length is given by (K? > 1): AE.on ~ me?woNZ/e.

The planar undulator is an inexpensive electromagnetic device with 20 periods, each 60 cm long. At
the operation wavelength of the FIR source around 100 gm and an electron beam energy of 500 MeV
the peak value of the magnetic field is about 0.5 T. In the case when the number of electron per bunch
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is about N. = 6 x 10 (1 nC) the FIR source described above provides a train of 6.6 ps long micropulses
(the wave advances the electron beam by one wavelength at one undulator period), with 1.5 mJ of optical
energy per micropulse radiated into the central cone at 100 ym wavelength. To provide a natural selection
of coherent radiation in the central cone (fcone ~ 4 mrad), the radius of the mirror should be equal to 5
cm at a distance of about 10 meters between the exit of the FIR undulator and the mirror.

To obtain an effective conversion of the primary photons into X-ray photons, the far-infrared beam
should be focused on the electron beam. This may be performed, for instance, by means of a metal
focusing mirror (see Fig. 1). Electrons move along the z axis and pass through the mirror focus. The
conditions of optimal focusing are as follow (lo € lopt):

o, L [4cF/(wao)]® ,  F? <K ajlopt/(2))

where 0,y = \/€r yBz,y 1s the transverse electron beam size at the conversion point, 3, is the beta
function, ¢, 4 is transverse emittance of the electron beam, /' is the focal length of the mirror, ag is the
radius of the optical beam spot on the mirror, [ and [,y are the lengths of electron and optical bunch,
respectively. The first condition assumes the transverse size of the electron beam at the conversion point
to be much less than the FIR beam size. The second condition means that the characteristic axial size of
the region with a strong optical field is much less than the length of the optical bunch.

Hard X-ray photons are produced by means of Thomson backscattering of the optical photons by
the high energy electrons. Relativistic effects cause the X-ray flux to be strongly peaked in the forward
direction; for the 500 MeV electron beam (y = 10%) and 100 gm radiation wavelength used in our project,
the Thomson backscattered X-rays are peaked at a maximum energy hwyx_ray = 45?2 hwopt >~ 50 keV.

When the conditions of optimal focusing are fulfilled the total number of X-ray photons, produced by
a single passage of the electron beam through the mirror focus, is given by the following relation:

QWO'T

A]Vx—ray = W

Ne bl
where o7 is the total Thomson cross section, N, is the number of electrons in the bunch, and W is
the peak power of the optical beam. An important feature of the obtained result is that the number of
produced X-ray photons does not depend on the details of the optical field distribution at the mirror
surface and is defined by the peak optical beam power only. Taking into account the TTF parameters and
FIR source parameters (see Table 1) and assuming that the conditions of optimal focusing are fulfilled,
we obtain a yield of X-ray photons of d Ny_ray/dt ~ 2 x 1012 571 .

The quality of the radiation source is described usually by the brilliance defined as the density of
photons in the six-dimensional phase space volume:

B = 1 Adz Nph
drioyoloy0y, dAdt

Let us proceed with numerical example for 160 fs (FWHM) electron pulse duration. The main param-
eters of the electron beam are presented in Table 1. The source of primary photons has the following
parameters: wavelength 100 pm, peak power W ~ 250 MW, pulse duration 6.6 ps. Assuming the focus
distance of the mirror to be equal to F' ~ 20 cm and the radius of the FIR beam at the focusing mirror
ag >~ 10 cm we find that the condition of optimal focusing will be fulfilled at § ~ 10 cm. Under these
conditions we calculate an average brilliance of 103 photons s~! mrad =2 mm~? per 0.1% BW at a photon
energy of 50 keV

In order to produce 80 fs long electron pulses the bunch charge must be reduced to about 0.3 nC. It
will be done in stages to avoid coherent synchrotron radiation effects (longitudinal wakefield) limiting
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the achievable bunch length and beam emittance. On the basis of the parameters of the electron beam
with 80-fs pulses and the FIR source we expect an average brilliance of about 10'? photons s~! mrad =2
mm~? per 0.1% BW at a photon energy of 50 keV.

3. Bunch compressors

The proposed phase bunching system is sketched in Fig. 2. Compressing the bunch will be done in
stages to avoid space charge and coherent synchrotron radiation (CSR) effects limiting the achievable
bunch length and transverse emittance. The first compression is from 1.6 mm to 400 gm. It consists of a
150 MeV accelerating module followed by the first TTF magnetic chicane generating the Rgg needed for
bunch compression [3]. Calculations show that induced energy spread and emittance dilution should not
be a serious limitation in BC1 [3].

After leaving the first bunch compressor the electron bunch of 400um length is accelerated in the next
part of the TTF linac with an on-crest phase from 150 MeV to 500 MeV. For the second compression the
required large correlated energy spread in the bunch of 5 MeV is induced by passing the last part of the
accelerating structure at 90° crossing phase. Our analysis shows that adequate solution for the BC2 design
is a double chicane. Each chicane is twelve meters long and contains four C-type rectangular bending
magnets. For compression from 400 pym to 20 ym the parameters of BC2 are practically identical to that
designed for LCLS BC2 [4]. The first and second chicanes generate Rss = 3 cm and 0.3 cm at bend angle
fp1 = 3.4° and fps = 1.3°, respectively. Four quadrupoles are placed between the chicanes in locations
where the dispersion passes through zero. Since the energy spread generated by CSR is coherent along
the bunch, its effect on the transverse emittance can be compensated in a double chicane with optical
symmetry to cancel the longitudinal-to-transverse coupling [4].

4. Future potential

For the 100-femtosecond X-ray facility described above, we have adopted the TTF design parameters
for the photocathode rf gun injector [2]. In order to achieve a 5 gm rms bunch length (40-fs pulse duration)
a new mode of operation of the TTF injector is required. The injector should produce 100 pC bunches
with a longitudinal emittance of 10 7 keV-mm and a normalized transverse emittance of 1 # mm-mrad.
In order to reach B ~ 10'3 photons s~ mrad=2? mm~2 per 0.1% BW, the bunch repetition rate (within
a macropulse) would have to be increased up to 108 MHz. Such values of bunch charge and repetition
rate would keep the mean value of average current during a macropulse and the mean power of the laser
system (below 2 W) at the TTF design level. As a result, no modifications are necessary for the rf gun.
In this high repetition rate option only the laser system needs hardware modifications.

Analysis of the TTF parameters shows that an extension to bunch lengths shorter than 5 pm rms
is also direct and straightforward but needs increasing linear correlated energy spread. Compressing the
bunch in our case will be done in stages to avoid RF curvature effect. The proposed solution is to perform
compression in three steps: compression at 150 MeV, decompression at 500 MeV before the last part of
the linac and compression at 500 MeV at the linac exit. In this scheme the energy spread of the electron
beam is increased to about 15 MeV. An electron bunch with such a large correlated energy spread and
30 pC charge per bunch, can be compressed in a special double magnetic chicane down to o, ~ 2 pm.
The average brilliance of such a 10 fs-scale X-ray facility could reach a value of B ~ 10'' photons s~!
mrad~? mm~2 per 0.1% BW. This requires installation of an additional chicane for decompression and
modification of the photoinjector laser system.

The yield of X-ray photons may be increased further more by means of organizing several conversion
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points. After crossing the first conversion point, the optical beam is directed to an optical delay line and
then it is focused at the next electron bunch, etc. Taking into account that the reflection losses of metal
focusing mirrors for radiation of 100 pm wavelength are only about 0.5%, we may conclude that each
optical bunch can effectively interact with many electron bunches. As a result, a yield of X-ray photons
may be increased by a factor of about 10.
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Abstract

This paper presents the conceptual design of a high power radiation source with laser-like characteristics
in the ultraviolet spectral range at the TESLA Test Facility (TTF). The concept is based on the generation
of radiation in a regenerative FEL amplifier (RAFEL). The RAFEL described in this paper covers a
wavelength range of 200-400 nm and provides 200 fs pulses with 2 mJ of optical energy per pulse. The
linac operates at 1 % duty factor and the average output radiation power exceeds 100 W. The RAFEL
will be driven by the spent electron beam leaving the soft X-ray FEL, thus providing minimal interference
between these two devices. The RAFEL output radiation has the same time structure as the X-ray FEL
and the UV pulses are naturally synchronized with the soft X-ray pulses from the TTF FEL. Therefore,
it should be possible to achieve synchronization close to the duration of the radiation pulses (200 fs) for
pump-probe techniques using either an UV pulse as a pump and soft X-ray pulse as a probe, or vice
versa.

1. Introduction

Pump-probe techniques using either the soft X-ray pulse from the TTF FEL [1] as a
pump and the visible-UV laser as a probe pulse, or vice versa, promise unprecedented in-
sight into the dynamics of electronic excitations, chemical reactions and phase transitions
of matter, from atoms, through organic and inorganic molecules and clusters, to surfaces,
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Fig. 1. Schematic layout of the pump-probe facility combining UV regenerative FEL amplifier and soft X-ray FEL at TTF

solids and plasmas. For applications in the visible and near-visible wavelength range a
pump-probe facility based on a conventional quantum laser system will be available at
the TTF [2]. The laser will provide in the visible spectral region between 750 and 900 nm
a train of 150 fs pulses with 100 pJ of optical energy per pulse, at the same repetition
rate as the X-ray FEL. The synchronization of the optical laser with the soft X-ray FEL
pulses to within 200 fs is the most challenging task of this project. The main problem
is the time jitter (+1 ps) of electron bunches which are synchronous with the soft X-ray
FEL pulses.

In this paper we describe the extension of the pump-probe facility into the ultraviolet
wavelength range. Our approach is based on the idea to use a narrow band feedback
between exit and entrance of a high gain FEL amplifier operating in multibunch mode
(so called regenerative FEL amplifier - RAFEL [3]). Such a feedback can be realized in
the UV wavelength range using mirrors, lenses, and a grating as a dispersive element.
We propose to install an additional undulator after the soft X-ray FEL. A layout of the
proposed RAFEL is shown in Fig. 1. This design makes use of the spent electron beam
leaving the X-ray undulator. The SASFE process in the X-ray FEL induces an additional
energy spread in the electron beam. Nevertheless, the electron beam at the exit of the
X-ray FEL is still a good “active medium” for an UV FEL amplifier. Because the RAFEL
uses the spent electron beam, the proposed laser system operates in a “parasitic” mode
not interfering with the main mode of the X-ray FEL operation. Since the X-ray and
UV radiation pulses are generated by the same electron bunch, there is no problem of
synchronization for pump-probe experiments with an accuracy close to the duration of
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the radiation pulses (200 fs). The RAFEL proposed here will provide intense, tunable
and coherent radiation in the UV region of the spectrum between 200 and 400 nm as
direct laser output. The RAFEL output radiation has the same pulse format as the X-ray
FEL and produces 200 fs micropulses with 2 mJ of radiation energy per micropulse and
transform-limited spectral width.

The RAFEL undulator and outcoupling optical system proposed can be installed in
the unoccupied straight vacuum line used to transfer the X-ray beam to the experimental
area, behind the dipole magnet separating the electron beam from the X-ray beam. The
installation of the feedback is greatly facilitated by the fact that there is free space available
for the input optical system. In order to get fully coherent X-ray radiation, a seeding option
will be implemented into the X-ray FEL under construction at DESY [4]. The X-ray FEL
seeding option consists of an additional 18 m long undulator, an electron bypass and
X-ray grazing incidence monochromator (see Fig. 1). The electron bypass is necessary to
delay the electron beam by the same amount as the X ray photon beam is delayed by
the X-ray monochromator. The magnetic chicane has to deflect the electron beam out
of the straight flight pass to make room for the X-ray monochromator and input optical

elements of RAFEL.

2. Facility description

The RAFEL parameters are presented in Table 1. The RAFEL operates as follows. The
first bunch in a train of up to 7200 bunches amplifies shot noise and produces intense, but
wide-band radiation. A fraction of the radiation is back-reflected by a semi-transparent
output coupling mirror. The spherical grating which is installed in the straight section of
the feedback loop, disperses the light and focuses a narrow band of radiation back on the
entrance of the undulator. The bandwidth of the feedback is chosen to produce a photon
pulse length about ten times as long as the electron bunch length in order to avoid effects
from a +1 ps time jitter (see Fig. 2). This requires a resolving power A/AX ~ 6000 at
A = 200 nm (photon pulse duration at the monochromator exit [, ~ A*/(cAX) ~ 4 ps).

After the undulator the electron and the radiation beams are separated. The electron
beam is guided into the beam dump and the radiation enters the output coupling system.
The distance between the feedback outcoupling mirror and the exit of the RAFEL undu-
lator is 20 m, the distance between the mirror and the exit of the X-ray FEL undulator
is about 27 m. At a diameter of the hole in the mirror of 3 mm the fraction of the X-ray
power directed through the mirror is close to 100%. This mirror is semi-transparent for the
UV radiation, and approximately 50% of the UV radiation power is transmitted through
it and delivered to the experimental area. Calculations show that an alignment accuracy
of about 10 prad is sufficient for reliable operation of the optical feedback.

The monochromator for the RAFEL should be able to select any wavelength between
200 and 400 nm. We adopted the Namioka scheme where tuning of the wavelength is
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Table 1

Parameters of the UV pump-probe facility (RAFEL option)

Electron beam
energ

char% per bunch
rms bunch length
rms emittance

rms energfy spread
number of bunches
bunch spacing
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Undulator
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period

peak magnetic field
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Output radiation
wavelength
bandwidth
micropulse duration
micropulse energy
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mm mrad /v

1
1
5
i
2 5 M
7200/tra1n
111
10H

200400 nm,
Transform-limited
200 fs

mJ

Oukcoupling radiation

Seed radiaticn

»

pulas
fruilEe -
i
0.3 s ::,-'I I\: k] PE —= -
Fi - M
My
Monochromator
with resclution
t of 0.03 % '

Dutcoupling

LEL R ey

Fig. 2. The use of a monochromator as a pulse stretcher. Drawing illustrates how electron pulse jitter effects on the feedback

system can be avoided

performed by means of rotation of the grating, while entrance and exit slits are fixed.
Commercially available holographic gratings allow one to focus the image of the entrance
slit exactly on the exit slit at small values of coma and astigmatism in the 200-400 nm
wavelength band. The feedback transmission factor can be written as Th, = Kcoupl X Fioss
where Kgoupl 1s the fraction of output radiation coupled out through the semi-transparent
mirror, Rl refers to the losses in the optical elements (mirrors, lenses, grating) of the
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feedback system. In addition, the grating reduces the peak power of the coherent signal
further since it stretches the pulse longitudinally by a factor A\*/(o.AM) [5].

In the present design the lateral size of the photon beam focus, w, is completely de-
termined by the fixed geometry of the feedback optical system (i.e. the focal distances of
the mirrors and the aperture of the X ray undulator vacuum chamber). In our numerical
example for 400 nm wavelength the size of the photon beam focus is about w ~ 800 pm,
which is about 15 times larger than the rms electron beam size, o. Such a mismatch,
however, is not dramatic and will result in a reduction of the gain by a factor of about 3
only (see section 3 for more details). Taking into account all the effects mentioned above,
the overall loss factor for the feedback system is about 2 x 1072. When the power gain in
the undulator, (&, exceeds the relative losses of power in the optical feedback system, the
output radiation power begins to grow, i.e. lasing takes place.

The undulator is one of the central components of the RAFEL. The values of the peak
field and the period length are given in Table 1. The required field strength can be achieved
using a hybrid configuration. At a gap of 12 mm, a peak field up to 1.5 T is feasible for
the undulator period of A\, = 7 em. This is more than needed for the RAFEL undulator.
To minimize the length of the matching section between the VUV /X-ray undulator and
RAFEL undulator, we decided to use the same value of the beta function of 3 meters. It
is shown in section 3 that the maximum value of the gain well exceeds the relative losses
of peak power in the optical feedback system when the undulator is at least 6 m long.
The wavelength can be tuned continuously by changing the undulator magnetic field and
adjusting the monochromator wavelength by simple rotation of the grating. Using the
present design it should be possible to cover the range from 200 nm down to 400 nm.

3. Operation of the RAFEL

The main physical effects defining the operation of the FEL amplifier are the diffraction
effects and the space charge effects. The longitudinal velocity spread was calculated using
actual energy distribution in the electron beam after leaving the VUV /X-ray undulator
(see Fig. 3). It is seen that the distribution function of the electrons can be fitted well by
a Gaussian distribution with the rms deviation op ~ 2.5 MeV. The energy spread does
not influence too much the gain at chosen parameters (the power gain length is increased
by 20% only with respect to the case of a “cold” electron beam). Calculations of the total
power gain must take into account the details of focusing of the external radiation on the
electron beam at the undulator entrance. A quantitative description may be performed
in the following way. We assume that the seed radiation has a Gaussian radial intensity
distribution which is characterized by the position of the focus, zg, and the size of the
waist in the focus, w. In the high-gain linear (steady-state) regime the radiation power
grows exponentially with the undulator length:
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G = Pout/Pin = AGXP[Z/Lg] ’

where P,y and Py, is the output and input power, respectively. The input coupling factor
A depends on the focusing of the seed radiation and is a function of zg and w. It should
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Fig. 3. Histogram of energy distribution of the particles after leaving the VUV /X-ray FEL driven by 1 GeV electron beam.
The solid line represents a Gaussian distribution with the rms deviation o = 2.5 MeV. The dashed line is the energy

distribution at the entrance of the VUV /X-ray undulator (og = 1 MeV)
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Fig. 4. Power gain in the linear regime versus spot size of the seeding radiation beam (the rms transverse size of the electron

beam is o; = 55 pm)
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Fig. 5. Transverse distribution of the radiation field amplitude for the FEL amplifier operating at a wavelength of 200 nm.
The dashed line is the transverse profile of the electron beam current density, exp[—r2/(262)] with or = 55 um
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Fig. 6. Power gain, G = Pout/Pin versus undulator length for the FEL amplifier operating at 200 and 400 nm wavelength
(radiation beam size at the undulator entrance w is equal to 400 and 800 pum, respectively

be maximized by an appropriate choice of w and zg. This problem has been studied in
detail in [8] using the solution of the initial-value problem. It has been found that the
value of A at zg = 0 does not differ significantly from its maximal value and the position
of the Gaussian beam waist can be placed at the coordinate of the undulator entrance.
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Fig. 7. Temporal structure of the radiation pulse at the exit of the RAFEL undulator. The dotted line represents the
longitudinal profile of the electron beam current (the maximum corresponds to 2.5 kA)

However, due to the constraints of the present design we have no possibility to achieve
the optimal value. The reason for this is that the focusing mirror can only be placed at a
fixed position of 20 meters apart from the RAFEL undulator entrance. Also, there is an
aperture limitation of 9 mm due to the diameter of the vacuum chamber in the VUV/X-
ray undulator. Fortunately, this does not lead to significant degradation of the gain as it
is illustrated in Fig. 4. The reason for this is the strong influence of diffraction effects. In
the general case the seeding radiation should be matched with the beam radiation mode,
but not with the transverse size of the electron beam. In the case of small diffraction
parameter [8], the transverse size is larger than the transverse size of the electron beam
as 1t is illustrated in Fig. 5.

Figure 6 presents the plots for the power gain versus undulator length for the FEL
amplifier operating in the linear regime at 200 and 400 nm wavelength. It is seen that
the gain only slightly depends on the wavelength for an undulator length of 6 meters.
On the one hand, the focusing of radiation becomes less optimal at increasing wavelength
(see Fig. 4). On the other hand, the power gain length decreases with the increase of
the wavelength. At a relatively short undulator length these two effects compensate each
other.

The final optimization of the FEL amplifier parameters has been performed with the
nonlinear, three dimensional, time-dependent simulation code FAST [7]. The optimized
parameters of the FEL amplifier are presented in Table 1. Figure 7 shows the time struc-
ture of the radiation pulse at the exit of the undulator. We obtain that the RAFEL
operating at saturation produces 4 mJ pulses of about 200 fs pulse duration.
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The analysis of the RAFEL parameters has shown that it will operate reliably even
at a value of the energy spread exceeding the project value for the TTF by a factor of
two. There is also a safety margin (by a factor of two) with respect to the value of the
emittance.
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Abstract

A single-pass free-electron laser operating in the self-amplified spontaneous-emission (SASE) mode at
around 100 nm is currently under test at the TESLA Test Facility at DESY. After first observation of
SASE in February 2000, the photon beam has been characterized by different techniques. We present the
methods of VUV photon diagnostics that were used to measure the spectral and angular distribution of
the photon beam and the effect of the electron beam parameters on these properties. The angular and
spectral distribution of the FEL radiation are particularly sensitive to the electron orbit in the undulator,
and we indicate ways of on-line photon beam diagnostics to enhance the electron beam quality and the
FEL gain.

1. Introduction

The TESLA collaboration is currently developing a Free-Electron Laser (FEL) at the TESLA Test
Facility (TTF) at DESY. The FEL is based on the principle of self-amplified spontaneous emission (SASE)
and operates in the Vacuum Ultraviolet (VUV) energy region [1]. In the SASE process, coherent radiation
is emitted by a high-current, low-emittance electron beam during a single pass through a high-precision
undulator. The spontaneous radiation emitted in the first part of the undulator overlaps and interacts
with the electron bunch and amplifies the power and coherence of the radiation. Since the early theoretical
work on the SASE process [2-5], considerable theoretical and experimental efforts have been made to
study the physics of SASE. Experimental evidence of SASE in the infrared region 5-16 um has been
reported recently by several groups [6-8] with FEL gains up to 10 [9]. Efforts in reducing the wavelength
to the visible began with Babzien et al. [10] who observed SASE at 633 nm, and FEL operation in the
SASE mode at 530 nm was demonstrated by Milton et al. [11]. A decisive milestone on the way to A
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wavelengths has been achieved in February 2000 when the first FEL output in SASE mode at around
100 nm was observed at the TTF [12]. In none of the experiments saturation has been reached, and the
requirements for SASE at still shorter wavelengths are increasingly demanding in terms of electron beam
quality and steering through the undulator. In this paper, we report on the VUV photon diagnostics used
at the TTF FEL for the determination of the spectral and angular distribution of the photon beam at
around 100 nm and indicate ways of studying the electron beam properties in order to enhance the beam
quality.

2. VUV photon diagnostics

For the complete characterization of the FEL photon beam properties, an experimental station for
photon diagnostics, including a grating monochromator and various detectors, provides all the instru-
mentation necessary to measure the photon pulse intensity and its angular, spectral and temporal dis-
tribution. New detection concepts have been employed in order to measure all SASE specific properties
on a single pulse basis. The detectors and the principle layout of the photon diagnostics unit have been
described in detail in Ref. [13].

FEL photon diagnostics is particularly challenging in the VUV region. Due to the high absorbance
of radiation below 200 nm by any material, neither window materials to outcouple the radiation nor
attenuating filters are available. Thus, in order to cover the full dynamic range of intensity from spon-
taneous undulator emission to SASE in saturation (about 5 orders of magnitude), different types of
detectors, suitable for operation under ultra-high-vacuum (UHV) conditions, are employed. Since the
photon diagnostics cannot be separated from the undulator and the accelerator vacuum, all components
were assembled under cleanroom conditions. This avoids dust particles which could migrate to the accel-
erator cavities. In addition, all devices are fully remote controlled because radiation background in the
accelerator tunnel prevents access during operation.

3. Spectral distribution

For the determination of the spectral distribution, the photon beam is deflected by a plane mirror onto
the entrance slit of a commercial 1m normal-incidence monochromator. The width of the entrance slit
can be varied by a precise piezo actuator from 1 to 195 um. For the initial FEL commissioning phase,
the monochromator has been equipped with a 1200 lines/mm spherical grating. Spectra of the dispersed
FEL radiation are recorded by a thinned, back-illuminated UV-sensitive CCD [14] that has been placed
in the focal plane of the spherical grating, attached directly to the monochromator vacuum.

The upper part of Fig. 1 presents an image of the dispersed FEL radiation with an acquisition time
of 30 s. The FEL was operated in single-bunch mode with 1 Hz repetition rate. Despite a 20 cm lead
shielding of the camera, the background radiation in the accelerator tunnel caused a noticeable pixel
damage and, therefore, a background image had to be subtracted and a median filter was applied. The
horizontal (x-) axis of the image corresponds to the dispersive direction and the vertical (y-) axis is
parallel to the entrance slit. The full CCD image covers a wavelength range of 20 nm in the dispersive
direction. The intensity distribution in y-direction reflects the vertical beam profile and 1s mainly defined
by a 5-mm-diameter aperture in front of the monochromator.

The spectral distribution, integrated in the vertical direction, is depicted in the lower part of Fig. 1.
The wavelength scale has been calibrated with the use of a hollow-cathode lamp [15] and a Hg-lamp.
The spectral distribution of the FEL radiation is centered at 92.1 nm with a full-width at half-maximum
(FWHM) of 0.74 nm.
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When an electron beam passes through a planar undulator, it emits electro-magnetic radiation at the

wavelength
Ay K?
Aph = 1+ — 1
=g (145, (1)

where v = Ee/mc2 is the relativistic factor of the electrons and K = eByA,/2mm.c the undulator
parameter with the peak magnetic field B, and the undulator period A,. The FEL at the TTF (phase
I) consists of three fixed-gap undulator modules with a length of 4.5 m each; the wavelength A,; of the
FEL radiation can be varied by changing the electron beam energy F.. Since K and A, are precisely
known (see Table 1), the electron beam energy can be determined from the measured wavelength. The
determination of the absolute wavelength can be achieved with an accuracy of 0.5 %; this results in an
accuracy of 0.25 % for the electron energy. For instance, the spectrum of Fig. 1 centered at 92.1(5) nm
corresponds to an electron beam energy of 254(1) MeV. This value is in good agreement with an energy
of 250(5) MeV determined from the deflection of the electron beam by a bending magnet. Meanwhile
SASE has been observed between 80 and 181 nm at the TTF-FEL. The corresponding parameters are
summarized in Table 1.

A series of three single-pulse spectra, centered at around 110 nm, is shown in Fig. 2(a). Each spectrum
represents the spectral distribution of the FEL radiation emitted by a single bunch. The spectra were taken
subsequently in intervals of several seconds with a slit width of 195 pm which results in an instrumental
bandwidth of 0.17 nm. The variation of the centre position of the spectra reflects the energy variation of
the electron beam. Here, the shift of 0.2 nm (0.2%) corresponds to an energy jitter of the electron beam
of 0.1% [see Eq. (1)]. Fig. 2(b) depicts a spectrum which was accumulated during an interval of 30 s,
i.e., this spectrum represents the spectral distribution averaged over 30 subsequent electron bunches. As
a consequence of the energy jitter, the width of the spectrum of 1.1 nm (FWHM) is larger than the 0.8
nm (FWHM) for each of the single-bunch spectra [Fig. 2(a)]. The shoulder at the long wavelength side
is possibly caused by a fraction of electrons within the bunch with slightly smaller energy.

The minimal interval between two single-pulse spectra is limited by the readout time (8 s) of the
CCD camera. To overcome this restriction, the back-illuminated CCD camera has been replaced by an
intensified CCD camera [16] with a readout time of 125 ms. It utilizes a fast fluorescent screen in the focal
plane of the monochromator which is imaged through a Suprasil viewport. The ICCD camera is equipped
with a micro-channel-plate (MCP) as an intensifier which operates as a fast shutter with exposure times
down to 5 ns. This enables one to select single pulses from a sequence of pulses and to study, e.g., the
variation of electron beam parameters within a bunchtrain. Furthermore, with photon beam intensities
expected for the FEL close to saturation, the fine structure in the spectral distribution[17], which stems
from the startup from shot noise in the SASE process, can be studied. A 3600 lines/mm grating in
conjunction with an 10 gm entrance slit results in a resolving power of E/AE = 2x10* at A = 120 nm,
which is sufficient to fully resolve the fine structure. The parameters of the back-illuminated and the
intensified CCD camera are compared in Table 2.

4. Angular distribution

The vertical photon beam profile, recorded at a distance of about 12 m behind the undulator, is
shown in the upper part of Fig. 3. A 10 x 10 mm? PtSi-photodiode [20] with a 1-mm-diameter spherical
aperture in front was moved in steps of 1 mm through the photon beam?®, and for each step the signal of

3 For further details on the diode and beam profile recording see Ref. [21]
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5 subsequent pulses was accumulated; the FEL was operated in single-bunch mode with 1 Hz repetition
rate. The solid line represents a fit of a Gaussian profile with a width of 7.7(7) mm (FWHM) and a centre
at a vertical position of 3.6(3) mm. The zero position of the detector coordinate system has been aligned
to the centre axis of the undulator with an accuracy of £0.5mm with the use of a theodolite. Similar
vertical displacements of the photon beam have been observed on the CCD image of the normal-incidence
spectrometer, depending on the steering of the electron beam into the undulator. Obviously the direction
of the electron beam in the gain region can be varied by a few 10~* radian without much change in
gain such that the light is emitted into different directions. This has been corroborated by using steerers
(corrector coils) along the last undulator module to deflect the electron beam only in this area. Starting
from the situation of a vertically displaced beam with all steerers turned off (Fig. 3, top), it was possible to
deflect the electron beam down using five steerers such that the centre of the FEL radiation moved to the
nominal zero position (Fig. 3, bottom). Again, in this case the light intensity did not change significantly.
These results suggest that the on-line observation of the photon beam position might be very useful as a
monitor when the electron beam orbit is adjusted, e.g. using beam based alignment techniques.

As in the case of the spectral distribution, the photon beam profile shown in Fig. 3 is most probably
broadened by a spatial and angular jitter of the electron beam in the undulator. Hence, single-pulse
measurements are required to avoid such a superposition. In a first approach, the fluorescent light of
different crystals, such as Ce:YAG and PbWOQ,, has been imaged with a conventional CCD camera.
Using crystals with fast decay channels in conjunction with a gated ICCD camera it will be possible to
observe the intensity distribution of single FEL pulses.

5. Summary

The methods used for the determination of the spectral and angular distribution of the VUV radiation
generated by the SASE-FEL at the TESLA Test Facility at DESY and a selection of characteristic results
have been presented. The angular and spectral distribution of the FEL radiation are particularly sensitive
to the electron beam energy and orbit in the undulator. These techniques can therefore be used as on-line
diagnostics of electron beam parameters and are promising tools to enhance the electron beam quality
and, thus, the FEL gain.
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Table 1
Measured parameters of the SASE-FEL at the TESLA Test Facility (phase I) at DESY (August 2000).

Parameter

Photon beam

Wavelength A,j 181 nm — 80 nm
Energy 7eV-15eV
Angular divergence at 91 nm 0.7(3) mrad (FWHM)
FEL gain® 1-9 103
Undulator
Length 13,5 m
Gap 12 mm
Period A, 27.3 mm
Peak Magnetic Field B, 0.497 T
Electron beam
Energy 181 MeV — 272 MeV
No. of Bunches per Bunchtrain 1 - 10
Bunch Separation 1 ps
Repetition Rate 1 Hz
@ see Ref. [12]
Table 2
Parameters of the back-illuminated and the intensified CCD cameras.
Photometrics LaVision
ATC 300L Nano Star 25
Principle back-illuminated Fluorescence screen,
thinned CCD Optics 1:2.17, MCP
No. of pixels 1024 x 1024 1280 x 1024
Pixel size 24 pm 6.7 pm
A/D converter 16 Bit @ 0.2 MHz 12 Bit @ 12.5 MHz
Shutter mechanical MCP
Readout time 8s 125 ms
Min. exposure time 1 ms 5 ns
Resolution 24 pm ~ 12pm
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Fig. 1. Upper part: CCD image of the dispersed FEL radiation in SASE mode taken in the focal plane of a 1 m nor-
mal-incidence monochromator. Lower Part: Spectral distribution obtained by integration of the image above in vertical
direction.
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Observation of Longitudinal Phase Space
Fragmentation at the TESLA Test Facility
Free-Electron Laser
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Abstract

It has been reproducibly observed that the energy distribution of the beam, when fully longitudinally
compressed for SASE operation, breaks up into several peaks. In this paper a description of the exper-
imental setup, beam operating conditions, and observations is presented to enable further theoretical
studies of this effect.

1. Introduction: Longitudinal beam dynamics at TTF

A schematics of the Tesla Test Facility (TTF) FEL [1] is depicted in Fig. 1. We shall
only concentrate on the longitudinal phase space manipulation since the measurements
reported hereafter only pertain to this plane: the beam generation line consists of an
L-band radio-frequency (RF) photoinjector coupled to a TESLA-type superconducting
accelerating cavity that boosts the beam up to 17MeV. The photocathode drive-laser is
gaussian-shaped with an rms time duration of 8ps approximately. The electron bunch
then enters an accelerating section (Acc. #1)that consists of eight TESLA-type super-
conducting cavities. The injection phase of the beam in this latter accelerating section
is chosen, under nominal operating conditions, to impart the proper time-energy corre-
lation to compress the bunch using the downstream magnetic chicane-based compressor.
The beam transport, downstream the bunch compressor, consists of a second accelerating
section (Acc. #2, identical to Acc. #1), nominally operated for maximum energy gain,

I corresponding author: DESY, D-22603 Hamburg, Tel.: 449 40 8998 2755, e-mail: piot@sun52a.desy.de
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followed by the undulator magnets section. Behind the undulator, the beam is separated
from the FEL beam by a spectrometer dipole (that bends in the same plane as the com-
pressor). The transfer line up to the dump is instrumented with several diagnostics which
especially include a beam profile measurement station.

A detailed description of the magnetic compressor is presented in Reference [2]. During
our measurement, the bending angle in the compressor was set to 19deg, which corre-
sponds to a momentum compaction Rsg ~-0.18m. This results in an optimum operating
phase for the first accelerating section of -10RF-deg off-crest approximately. Because of
the rather long bunch length at the injector front-end, typically 2.7mm (rms), the longi-
tudinal phase space is strongly distorted via RF-induced curvature during its acceleration
in Acc. #1. This distortion, impinges the compression process by limiting the minimum
reachable bunch length to 0.5mm (rms) approximately (as inferred from multiparticle
simulations and experimentally verified).

2. Experimental techniques

During our measurements we used the different beam profile monitors mentioned in
Fig. 1: energy spread was measured using the optical transition radiation (OTR) viewers
OTRI and OTR/FLU3 (this latter viewer incorporates both an OTR radiator and a flu-
orescent screen). At the location of these two beam profile stations, the linear dispersion
is estimated to Ry =0.31m (bunch compressor) and Rjs =-1.15m (spectrometer) respec-
tively. The nonlinear dispersion, Tigg, is found, at both locations, to have no significant
impact on the beam horizontal profile so that the horizontal coordinate of an electron, z,
scales linearly (to first order) with its relative momentum offset, §, following © ~ Ri¢d.
This latter scaling implicitly implies that the contribution from the pure betatron term is
insignificant, a true assumption since, for all measurements presented in this paper, a set
of upstream quadrupoles, located before the bunch compressor or the spectrometer dipole
respectively, were tuned to minimize the horizontal beam spot at the observation point
thereby asserting the beam spot was essentially dominated by the dispersive contribution.
Based on the measurements of energy profiles at OTR/FLU3 for different phases of Acc.
#2 a longitudinal tomography technique was implemented [3]. The method to recover
the longitudinal phase-space is based on the MENT [4] (Maximum ENTropy) algorithm
which computes the best estimate of the phase space density by maximizing its entropy.
At the compressor exit the transverse beam density can also be measured using OTR2.
At that point the dispersion was found not to be zero, we believe because of spurious
dispersion generated by non-zero value of upstream correctors. The diagnostics package
also include a bunch length monitor located downstream the second accelerating section.
This device provides bunch length measurement by the mean of a sub-millimeter wave
polarizing interferometry of coherent transition radiation [5] (CTR). We did not system-
atically measure the bunch length but rather assess whether the first accelerating section

38



(Acc. #1) was operated for maximum compression by simply “peaking” the CTR power
detected by a pyroelectric detector. All the measurements reported in the following were
performed with a charge per bunch of InC (within 10%), except when explicitely men-
tioned. The following observations are proved to be from single RF-bucket by using a
streak camera setup.

3. Observations

Energy profiles versus incoming time-energy correlation: In this series of mea-
surement the compressor is operated, and the bunch compression is varied by operating
Acc. #1 at different phase to act on the incoming longitudinal phase space slope, d§/ds: at
maximum compression it is related to the bunch compressor momentum compaction by re-
lation dé/ds = —1/ Rse. We found, using the CTR signal, that the maximum compression
was occurring -10deg w.r.t. the maximum energy gain phase. For this operating condi-
tions, the beam energy was about 135MeV at the bunch compressor location and 230MeV
downstream Acc. #2. After each change of Acc. #1 phase, the phase of the Acc. #2 accel-
erating section was reset to maximize the energy at the machine front end. Fig. 2, depicts
the evolution of the beam density recorded at the observation point (i.e. OTR/FLU3) for
some phase of the Acc. #1. The maximum compression occurs at ¢ ~-8deg? whereas the
maximum energy gain through the whole linac is obtained for ¢ ~42deg. From Fig. 2
we conclude that when the time-energy induced correlation by Acc. #1 does not provide
compression, i.e ¢ >+2deg, the energy profile is as expected: it consists of a bright core
with a long energy tail due to the RF-induced curvature because of the relative long in-
coming bunch. As the time-energy induced correlation allows compression, ¢ <+2deg, the
energy profile starts to show multiple fine structure which seems to separate into two main
“islands” at maximum compression. Finally, in the over-compression regime, ¢ <-8deg,
these multiple structures start disappearing and are hardly observable at phases below

-14deg.

Impact of the bunch compressor: For three cases (i) bunch compressor operated and
accelerating section Acc. #1 operated for maximum compression, (ii) bunch compressor
operated and Acc. #1 operated on-crest, and (iii) bunch compressor off with Acc. #1
operated approximately -10deg off-crest, we have investigated the evolution of the energy
profile in the high energy spectrometer line for various phase of Acc. #2 ultimately to
take tomographic data in order to recover the full longitudinal phase space density. The
energy profiles for these three cases are presented in Fig. 3 (Acc. #2 was set for maximum
energy gain). A structured energy profile, as the one presented previously, is observed
only in the case when the linac operated in maximum compression mode. This feature,

2 The phase value ¢ mentioned hereafter are arbitrary value read from the control system.
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which was also observed for other bunch charge, suggests the induced fragmentation of
the energy profile is related to the compression process. At the bunch compressor exit,
some structure can already be noticed by observing the beam transverse density at OTR2,
but none was observable at OTRI1. For the case (ii) the reconstructed longitudinal phase
space at the compressor exit is shown in Fig. 4.

Charge-dependence To asses whether the observation could be attributed to collec-
tive effects, we also measured the energy distribution for bunch charge ranging from 0.5 to
4AnC. The distribution shows no significant dependence on the charge, though the collective
effects hypothesis cannot be ruled out: the charge was varied by changing the photocath-
ode drive laser intensity, which impacts the bunch length: from multiparticle simulations
we expect that an increase of the charge from 0.5 to 4nC, would double the bunch length
(from 2 to 4mm (rms)) principally because of longitudinal space-charge force.

4. Summary

An anomalous “beam break up” of the longitudinal phase space has been observed
at TTF-FEL when the linac is operated so that the bunch compression is maximized. A
mechanism based on bunch self interaction via coherent synchrotron radiation is discussed
in Reference [6].
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Abstract

It has been reproducibly observed that the energy profile of the fully longitudinally compressed TTF-
FEL beam breaks up into peaks. In this paper we analyse a potential cause of this effect. We study the
enhancement of bunch self-interaction via coherent synchrotron radiation (CSR), leading to a break-up
of the longitudinal phase space. For our analysis, we use a simple model as well as the simulation code

TraFiC* [1] to evaluate the CSR-induced effects.

1. Introduction

At the TTF-FEL in its present stage [2],
a bunch of 2.7 mm length (RMS) is emit-
ted from the gun, accelerated by a capture
cavity and the RF-cryomodule#1 to the
bunch compressor chicane (see Fig. 1). At
an energy of 135 MeV it is compressed to
minimum bunch lengths of about 0.5 mm.
A second RF-module increases the energy
to 230 MeV; afterwards the beam enters
the undulator, followed by the spectrome-
ter magnet and the dump. Between spec-
trometer dipole and dump the energy pro-
file is monitored on a screen.

The observed energy distribution dis-
tortion [3] can roughly be described as
a two-peak structure with a distance of
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3 MeV which appears when the phase of
RF-module #1 is close to providing full
compression in the bunch compressor chi-
cane (BC-2). Thus a considerable amount
of particles must suffer an energy loss of
that order. The longitudinal wakefields of
the RF structures in the first module for
instance are, even for the case that very
short sub-structures (<50 pm) carry most
of the charge, more than an order of mag-
nitude too weak.

CSR effects, however, do have the strength
to cause this kind of energy loss. Evaluat-
ing the following formula where Fj is the

FEL

Dump



longitudinal CSR-field in Volt produced
by a one-dimensional gaussian bunch with
RMS-length o and charge ¢y on an in-
finitely long trajectory with bending radius
Rg in the bunch center (which is nearly the
maximum field),

5

= —qo 271 Amv

0= 2/3
dmeo | 313\ /TR o4/3

) (1)

yields a field strength of about 3 MeV/m
for the case that a spike of ca. 25 ym length
(RMS) carries half the bunch charge. In the
next chapter we will look into the possible
origin of such narrow peaks and endeavour
to explain the observed energy distribution

break-up with CSR effects.

2. TTF-FEL Bunch Compression and Co-
herent Synchrotron Radiation Effects

2.1.

Non-linear

compression of long

bunches

So the question remains how a con-
siderable amount of charge can be gath-
ered in such a narrow peak(s). One of
us pointed out [4] that an initial bunch
modulation with a Fourier component of
the charge density in the Fourier space
A~ (w) = a cos(wt) in the presence of an en-
ergy spread dilution mechanism character-
ized by the longitudinal impedance Z(w)
can be enhanced when passing a beamline
section with non-zero Rs¢. For the outgoing
beam, the amplitude of the charge density
component (after linearization) writes [4]
At (w) = [aRsgoZ) (@) [e30) cos(et + ),
where ¢ represents a phase shift and v, the
beam average energy. The latter expres-

~
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sion shows that depending on w and Z)(w)
there can be significant amplification of
the modulation.

Here we will start with a simpler case of
a gaussian beam profile coming out of the
injector, so that the peak has to be gener-
ated in the compression process itself. In-
deed, a rather long bunch as in our case
(2.7 mm) accumulates enough curvature in
longitudinal phase space due to the non-
linear cosine shape of the RF to require full
compression even for final bunch lengths of
around 0.5 mm (see Fig.2). The longitudi-
nal profile after compression (see Fig.3) is
then peaked (see also [5]).
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Fig. 2. A typical longitudinal phase space after compres-
sion.

The width of the leading peak is given by
the initial un-correlated energy spread; in
the case shown, an initial spread of 15 keV
(RMS) results in a peak width of about
50 gm (RMS) which contains 50% of the
charge. Since this is only the case towards
the end of the third and through the fourth
magnet of BC-2, we are just marginally
gathering the observed energy losses.
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Fig. 3. Bunch charge density computed from Fig. 2.

2.2. Bunch Compression in the spectrom-
eter dipole magnet

But now we consider the role of the
spectrometer magnet, a dipole magnet of
one meter length and comparable in de-
flection angle with the bunch compressor
magnets. Any induced energy spread at a
given point acts on beam parameters in
the bending magnets downstream. Fig. 4
shows the longitudinal compression factor
Rse = —(As)/(dp/p) to the end of the
spectrometer bending magnet for different
positions in the bunch compressor beam
line.

The energy gradient provided by the
CSR in the end region of the third BC-2
magnet, for instance, will cause a further
local compression of the bunch in the spec-
trometer magnet, since the Rs¢ to the end
of that magnet is of opposite sign and
twice as big as that for the whole bunch
COMpressor.
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2.3.  TraFiC* simulation calculations
The code TraFiC* was used to simulate
the TTF-FEL beamline starting from the
compressor entrance up to one m down-
tream the spectrometer dipole. The initial
phase space was generated tracking phase
space distribution through the injector
using the multiparticle code ASTRA [6]
which is in good agreement with experi-
mental measurements. The beamline be-
tween the chicane and the spectrometer
was modeled by a simple four-quadrupole
telescope that provides the same trans-
verse transfer functions as the one com-
puted for the TTF-FEL nominal settings.
Since the distortions of the longitudinal
phase space are quite strong, the calcu-
lations were performed in a selfconsistent
manner: the generated CSR fields are fed
back to the source ensemble in a leap-frog
algorithm. The incoming bunch was mod-
eled with 320 3-d sub-bunches of 25 um
length. Shorter sub-bunches require more
of them to model the long incoming bunch



as a smooth charge distribution. The com-
puting time goes with the square of the
number of sub-bunches. So for the present
stage of our studies we are limited to bunch
structures which are 25 pm or broader.

Fig. 5 shows the results: downstream the
compressor the energy profile starts to split
up and downstream of the spectrometer the
peaks get stronger. The distance between
the peaks, however, falls short by a factor of
2-3 if compared with the measurement. The
reason most likely is the limited resolution
which prevents us to evaluate fields of sub-
structures undergoing over-compression in
the spectrometer dipole.
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Fig. 5. TraFiC* simulation of beam energy distribution
downstream of the compressor (A) and downstream of
the analyzing spectrometer magnet (B).

3. Conclusion and Future Plans

We have shown that CSR-induced en-
ergy redistribution inside a bunch can lead
to energy splitup similar to those exper-
imentally reported in Reference [3]. Bet-
ter quantitative agreement can probably
be achieved by increasing the number of
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Fig. 6. An example of measured [3] energy distribution
after the spectrometer (to be compared with Fig. 5 (B)).
sub-bunches and computing time. We are
presently engaged in further experimental
study to prove whether we are indeed ob-
serving a CSR-driven effect, particularly by
varying the charge in a clean experiment.
We will also specify and measure the cor-
responding transverse emittance dilution
that should occur in the bending plane. We
also plan to study the energy spread struc-
ture for different incoming dispersion into
the spectrometer magnet by changing the
upstream quadrupole magnets.
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Abstract

The semiconductor industry growth is driven to a large extent by steady advancements in microlithog-
raphy. According to the newly updated industry roadmap, the 70 nm generation is anticipated to be
available in the year 2008. However, the path to get there is not obvious. The problem of construction
of Extreme Ultraviolet (EUV) quantum laser for lithography is still unsolved: progress in this field is
rather moderate and we can not expect a significant breakthrough in the near future. Nevertheless, there
is clear path for optical lithography to take us to sub-100 nm dimensions. Theoretical and experimen-
tal work in Self-Amplified Spontaneous Emission (SASE) Free Electron Lasers (FEL) physics, and the
physics of superconducting linear accelerators over the last ten years has pointed to possibility of the
generation high-power optical beams with laser-like characteristics in the EUV spectral range. Recently
there have been important advance in demonstrating a high-gain SASE FEL at 100 nm wavelength [1].
The SASE FEL concept eliminates the need for an optical cavity. As a result, there are no apparent
limitations which would prevent operation at very short wavelength range and to increase the average
output power of this device up to 10-kW level. The use of superconducting energy-recovery linac could
produce a major, cost-effective facility with wall plug power to output optical power efficiency of about
1%. A 10-kW scale transversely coherent radiation source with narrow bandwidth (0.5%) and variable
wavelength could be excellent tool for manufacturing computer chips with the minimum feature size be-
low 100 nm. All components of the proposed SASE FEL equipment (injector, driver accelerator structure,
energy recovery system, undulator etc.) have been demonstrated in practice. This is guaranteed success
in the time schedule requirement.

1. Introduction

As the free electron laser (FEL) has several excellent features, such as high efficiency,
high power and wavelength tunability, a very wide range of industrial applications is con-
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templated [2]. The most useful and pertinent frequency ranges for industrial-use FELs
are in the UV and VUV. Recently an industrial UV FEL project has been launched by a
consortium of industrial firms including DuPont, Xerox, and IBM [3]. In the near future,
one can predict that FELs will be widely introduced to high-technology industries. In
particular, in the next decade lithography will be highly supported by short-wavelength
FELs. Moore’s Law, postulated in 1965, predicted the exponential increase in the number
of devices per chip which has driven the decrease of lithography dimensions. The exponen-
tial decrease in the minimum feature size sustained by optical lithography over the past
several decades has enabled exponential increase in memory chips (from 1-kb chips for
10 pm linewidth dimension to 1-Gb for 0.18 pm) [4]. Critical dimensions for use in high
volume manufacturing are anticipated to decrease from 180 nm in the year 1999 to 100 nm
in the year 2006 and to 50 nm in the year 2012 [4,5]. Nevertheless, now there is no clear
path for optical lithography to take us to sub-100 nm dimensions. Uncertainty regarding
the extendibility of optical lithography casts doubt on the ability of the semiconductor
industry to continue exponential rate of progress.

In principle, optical lithography can cover the dimension range from 100 nm to 10
nm. Potential candidate technology for high volume manufacturing beyond the use of
193 nm wavelength ArF lasers is extreme ultraviolet lithography (EUVL) (see [5]). Based
on multilayer coated reflective optics, it makes a jump in wavelength to the sub-100 nm
region while maintaining the evolution of optical techniques and the industry investment
therein. Figure 1 shows schematically the basic elements of EUV lithography (see [5]).
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Transversely coherent radiation illuminates a multilayer coated reflective mask that is
overcoated with an absorber pattern. Multilayer coated reduction optics are then used
to replicate the pattern at nominal 4:1 reduction on a photoresist-coated wafer. In order
to correct for aberrations across the relatively large field, being limited to a few optical
surfaces, one must turn to aspheric optics. The reduction optics must be highly corrected
so as to print near diffraction-limited patterns at the wafer. This is a new challenge for
mirrors and multilayers. It is also necessary to develop the new materials needed for
photoresists and photomask.

The new short wavelength light sources must be developed for the EUV lithographic
process. Significant efforts of scientists and engineers working in the field of conventional
quantum lasers are directed towards the construction of powerful EUV laser for lithogra-
phy. Nevertheless, this problem is still unsolved: progress in this field is rather moderate
and we cannot expect a significant breakthrough in the near future. Uncertainty regarding
the extendibility of convenient quantum lasers to EUV wavelength region casts doubt on
the ability of the optical lithography to continue to denominate in the next decade.

In this paper we describe the approach being taken to extend the capability of light
sources for lithography up to EUV region. Our approach is based on the idea to use SASE
FEL for delivering extremely brilliant, coherent light with wavelength in the EUV range.
Compared to the state-of-the-art EUV plasma lasers, one expects full transverse coher-
ence, and up to 9-10 order of magnitude larger average brilliance. Since the wavelength of
an SASE FEL is adjustable, selection of new materials needed for photoresists and pho-
tomask may be much easier than for the case of fixed-wavelength lasers. Recently there
have been important advance in demonstrating a high-gain SASE FEL at 100 nm wave-
length [1]. The experimental results presented in [1] have been achieved at the TESLA
Test Facility (TTF) FEL at DESY. The goal of the TTF FEL is to demonstrate SASE
FEL emission in the VUV and, in the second phase, to built a VUV- soft X-ray user
facility [6].

We show that it is feasible to construct a 10-kW scale SASE FEL. The technical ap-
proach adopted in our design makes use of superconducting RF linear accelerator (SRF
accelerator). With SRF linac, a SASE FEL would acquire high average power, thanks to
the input beam continuous-wave (CW) nature. The energy recovery of most of the driver
electron beam energy would further increase the power efficiency. The stringent electron
beam qualities required for EUV SASE FEL operation can be met with a conservative
injector design (using a conventional thermionic DC gun and subharmonic bunchers) and
the beam compression and linear accelerator technology, recently developed in connection
with high-energy linear collider and X-ray FEL programs [7,10].
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Table 1
Performance characteristics of the EUV SASE FEL

Electron beam

energy, MeV 1000
rms energy spread, % 0.18
normalized emittance, # mm-mrad 8
bunch charge, nC 2
rms bunch length, mm 0.16
repetition rate, MHz 6.1
Undulator
type planar
period, cm 4.5
Gap, mm 11
maximum peak field, kG 11
external beta-function, cm 100
number of undulator periods 700
Output radiation

wavelength, nm 70
micropulse duration, ps (FWHM) 0.5
spectrum width, % (FWHM) 0.5
micropulse energy, mJ 2
peak power, GW 3
average power, kW 10

2. Facility description

Figure 2 shows the general scheme of the 10 kW-scale EUV SASE FEL driven by a
1300-MHz superconducting linear accelerator. In the acceleration sections, the supercon-
ducting cavities are designed to operate with nominal accelerating gradients of 10 MV /m.
The electron beam originates in a 300-kV DC gun with gridded thermionic cathode. The
injector, which is practically identical to that designed at LBL for the CW-mode op-
eration infrared FEL [8], includes two subharmonic, room-temperature buncher cavities
and 500-MHz accelerator buncher cavity. The injector produces 6.5 MeV electron pulses
with a duration 33 ps (FWHM), at average current 12.2 mA (2 nC of charge, 6.1 MHz
repetition rate). A 500-MHz single-cavity cryounit follows the injector which increases
the beam energy to 12 MeV. The optimized beam parameters at the exit of the cryounit
are: bunch charge 2 nC, bunch length 4.2 mm rms, normalized transverse emittance 8
7 mm-mrad, and longitudinal rms emittance 300 7 keV-mm. Accelerator buncher cavity
and first accelerating cavity operating without energy recovery, will require about 170
kW RF power. The klystrons are two 75-kW TH2133 tubes, combined through a magic
tee to provide the 120-kW of RF at the input coupler to the each cryounit. Results of
stability analysis of the injector are presented in [8]. The charge stability < 2%, bunch
length stability < 2% and bunch timing stability < 3 ps well within RF control system
capability.
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Fig. 2. Basic scheme of the high-power EUV SASE FEL

The 12 MeV energy electron beam then enters the SRF linac for further accelerating
up to energy of 1000 MeV. The electron beam enters the undulator, yields EUV coherent
radiation, and finally decelerates through an energy recovery pass in the SRF driver linac
before its remaining energy is absorbed in the beam dump at the final energy of about 10
MeV. In the present design the beam dump energy is below the photon-neutron production
threshold, so the problem of radio-nuclide production in the dump does not exist !.

The SASE FEL provides a continuous train of 0.5 ps micropulses, with 2 mJ of optical
energy per micropulse at a repetition rate 6.1 MHz. The average radiation output power
can exceed 10 kW. The radiation from SASE FEL is spatially (or transversely) coherent.
The temporal (or longitudinal) coherence, however, is poor due to the start-up from noise.
The bandwidth of the output radiation would be about 0.5% (FWHM). A characteristic
feature of multilayer mirrors is its rather small bandwidth of the reflected radiation. It
is interesting to note that the radiation bandwidth of SASE FEL is close to the typical
bandwidth of the multilayer mirror reflectivity.

I Recently Jefferson Laboratory energy-recovery SRF linac achieved 48 MeV of beam energy with 4 mA of average beam
current [9].
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Fig. 3. Temporal structure of the radiation pulse at the undulator length of 34 m. Smooth curve is the radiation pulse
profile averaged over large number of statistically independent runs. The dashed line presents the longitudinal profile of the
electron beam current

A driver linac design requires considerable manipulation of the longitudinal and trans-
verse beam dynamics in order, on the one side, to provide the bunch parameters for
effective generation of the SASE radiation, and on the other side, to make effective en-
ergy recovery feasible. For the driver accelerator design we assume to use a three-stage
compressor design. The compression performs in three steps: at 36 MeV (from 4.2 mm
to 1.6 mm rms), 150 MeV (from 1.6 mm to 0.6 mm rms) and 550 MeV (from 0.6 mm to
0.16 mm rms). Between first and second bunch compressors the curvature of the accel-
erating field would impose an intolerable nonlinear correlated energy distribution along
the bunch. Thus, the use of third harmonic deceleration structure is foreseen in order to
reduce the non-linear energy spread. First (BC1) and second (BC2) bunch compressors
are simple chicanes formed of four rectangular dipole magnets. The third (BC3) compres-
sor is a sequence of two magnetic chicanes. The shorter bunch and higher energy allow
for a much longer and more complicated design than BC2 and the complexity of double
chicane is required [7]. The last part of the driver linac accelerates the bunch with an
on-crest phase up to 1000 MeV.

In our conceptual design we assume the use of an energy recovery system. Only about
0.1% of the electron energy is converted to light. The reminder undergoes energy recovery,
being returned to the SRF cavities, where most of it is converted back to RF power at
the cavities’ resonant frequency. An off-crest deceleration phase should be tuned in order
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to minimize the RF power consumption by the accelerator. The decelerated beam is than
dumped. The SRF linac must decelerate the bunches from an energy of about 999 MeV to
about 10 MeV in the beam dump. The energy spread of the electron beam after leaving
the undulator is pretty large, about AF ~ 46 MeV. An important feature of our design
is that a very short electron bunch (of about 0.16 mm rms) is used for the generation of
the EUV radiation. Thus, the use of energy bunching is foreseen in order to reduce the
energy spread.

Energy bunching is appropriate for the situation in which particles are bunched tightly
in phase, but have a large energy spread. The transformations are in the reverse order
from those used for phase bunching. A relation is first established between phase and
energy, creating a skew "ellipse” in longitudinal phase space. This is followed by a RF
lens that reduces the energy spread by applying a reverse voltage that returns the "ellipse”
to axis. Phase separation (i.e. linear correlation energy and longitudinal position) can be
obtained in our case by the first, 180° bend of the recovery loop. A correlated energy
spread in the bunch is cancelled by passing a RF accelerator structure at 90° crossing
phase (0° corresponding to running on-crest). We select 1300-MHz structure for RF lens,
based on SRF cavities operating with gradient 10 MV /m. For chosen parameters of the
EUV SASE FEL we get induced energy spread 6 MeV. Voltage which is sufficient to
cancel the 6 MeV energy spread is equal to 200 MV. The transformed energy spread is
about 1 MeV. It should be noted that energy bunching, in our case can be treated by
single particle dynamic theory. This situation is in marked contrast to phase bunching,
in which the space charge and wake field effects determine the effective phase-space area
occupied by the particles.

The wall plug power to output optical power efficiency of SASE FEL for industrial
applications is an important criterion. For the present design we fixed on a rather conser-
vative value of the ratio of the energy in the radiation pulse to the energy in the electron
pulse of about 0.1% . Energy recovery of most of the driver electron beam energy would
increase the power efficiency and we can reach the RF power to radiation beam power
efficiency of about 7%. Assuming the efficiency of the klystron modulator 80% , and elec-
tronic efficiency of the klystron 60% , we obtain that the AC wall plug power to output
radiation power efficiency is about 3%. The present design requires cooling of about 25
cryomodules. To do this, we need a He refrigerator with net power consumption about
one MW. As a result we obtain total efficiency of proposed SASE FEL about to 1%.

A complete description of the SASE FEL can be performed only with three-dimensional
(3-D) time-dependent numerical simulation code. With the design and construction of
VUV and X-ray SASE FELs, many 3-D time-dependent codes have been developed over
the years in order to describe FEL amplifier start-up from shot noise. Optimization of the
parameters of the EUV SASE FEL in our case has been performed with the code FAST
[11].

The optimized parameters of the EUV SASE FEL are presented in Table 1. Averaging
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Fig. 4. Spectral distribution of the energy in radiation pulse

over one hundred simulation runs with statistically independent shot noise in the electron
beam gives the radiation pulse shape, which is plotted in Fig. 3. We obtain that the
duration of the radiation pulse is about 0.5 ps and pulse energy is about 2 mJ. At the
next step of calculations we find the spectral distribution of the radiation power for each
angle in far zone, and after integrating over all angles we obtain integral spectrum of
the radiation pulse. Figure 4 present the spectrum of EUV SASE FEL. An important
characteristic of the radiation source is the degree of transverse coherence. Corresponding
definitions for the degree of coherence in the high-gain linear regime of the SASE FEL
can be found in [12]. Our simulations show that the degree of coherence in our case is
close to unity (¢ ~ 0.9).

Analysis of parameters of a high power EUV SASE FEL shows that its radiation wave-
length range is clearly limited by the quality of the electron beam achievable with injector.
For 10 kW-scale EUV SASE FEL operating in 10-20 nm wavelength range a new approach
for the injector has to be considered. In this context the R&D work on SRF photoinjector
[13] looks very promising.
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Abstract

Theoretical and experimental work in free electron laser (FEL) physics, and the physics of particle
accelerators over the last ten years has pointed to the possibility of the generation of MW-level optical
beams with laser-like characteristics in the ultraviolet (UV) spectral range. The concept is based on
generation of the radiation in the master oscillator — power FEL amplifier (MOPA) configuration. The
FEL amplifier concept eliminates the need for an optical cavity. As a result, there are no thermal loading
limitations to increase the average output power of this device up to the MW-level. The problem of
a tunable master oscillator can be solved with available conventional quantum lasers. The use of a
superconducting energy-recovery linac could produce a major, cost-effective facility with wall plug power
to output optical power efficiency of about 20 per cent that spans wavelengths from the visible to the
deep ultraviolet regime.

1. Introduction

Significant efforts of scientists and engineers working in the field of conventional quan-
tum lasers are directed towards the construction of powerful ultraviolet (UV) lasers for
industrial applications such as material processing, lithography, isotope separation, and
photo-induced chemistry. Nevertheless, this problem is still unsolved: progress in this field
is rather moderate and we cannot expect a significant breakthrough in the near future.

Recent investigations have shown that this problem can be solved by free electron lasers
(FELs), which can be divided into two classes: amplifiers and oscillators. FEL amplifiers
amplify the input electromagnetic wave from the external master oscillator. The FEL
oscillator can be considered as an FEL amplifier with feedback, which is carried out by
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means of an optical resonator. Recently a kW-scale UV FEL oscillator project has been
initiated at Jefferson Laboratory [1,2].

The main problem of constructing a high average power UV FEL oscillator is the heating
effects in the cavity mirrors. The results of optical resonator modeling have demonstrated
that the oscillator scheme for UV FEL is quite adequate for the kiloWatt demonstrator,
but not scalable even to the 100 kW device [3]. If we consider the high gain FEL amplifier,
we find that there are no thermal loading limitations to increasing the average output
power of this device up to the megawatt level. Since the amplification process develops
in vacuum during one pass of the electron beam through the undulator, the problem of
absorption of radiation in the cavity mirrors does not exist at all.

2. Facility description

In this paper we perform design consideration of a MW-scale UV FEL amplifier. Figure
1 shows the general scheme of the FEL amplifier. The arrangement of injector, which is
practically identical to that designed at LBL for the CW-mode operation infrared FEL
oscillator[6], is shown schematically in Fig. 2. The electron beam originates in a high-
voltage DC gun with gridded thermionic cathode. The injector includes two subharmonic,
room-temperature buncher cavities and a 500 MHz accelerating module. The bunched low-
energy electron beam then enters the SRF linac for further acceleration up to energy of

Output UV
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Fig. 1. Schematic illustration of design configuration for the UV FEL amplifier
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Fig. 2. Schematic of the UV FEL amplifier injector

1000 MeV. The accelerated beam enters the undulator, yields light, and finally decelerates
through an energy recovery pass in the SRF linac before its remaining energy is absorbed
in the beam dump at the final energy of about 10 MeV. In our conceptual design we
assume the use of a conventional quantum laser as a master oscillator, which provides
a continuous train of 10 ps micropulses, with 100 nJ of optical energy per micropulse.
The average output power of the master laser is about one Watt. A dye laser system
with subsequent nonlinear optical elements pumped by Nd glass laser can be used for this
purpose.

In order to achieve the high peak current in the undulator the bunch must be compressed
in a series of magnetic chicanes. The compression performs in three steps: at 30 MeV (from
4.2 mm to 1.6 mm rms), 150 MeV (from 1.6 mm to 0.45 mm rms) and 550 MeV (from
0.45 mm to 0.15 mm rms) . Requirements for magnetic bunch compressors in our case
are very close to those for magnetic bunch compressors in X-ray FELs [4]. In particular,

I The magnetic bunch compressors are arranged and located such that RF curvature, space charge effects, longitudinal
wake fields do not limit the achievable bunch parameters

59



Table 1
Performance characteristics of the UV FEL amplifier

Electron beam
Energy 1000 MeV
rms energy spread 0.2 %
Bunch charge 2 nC
rms pulse duration 0.5 ps
Micropulse repetition rate 6.1 MHz
normalized emittance 87 mm-mrad
Undulator
Type Planar
Period 7.0 cm
Gap 12 mm
Maximum peak field 1.15 T
# of undulator periods 850
External beta-function 3.0 m
Radiation
Wavelength, 260 — 500 nm
Spectrum width Transform-limited
Peak power 110 GW
Average power 0.5 MW
Micropulse duration 0.7 ps (FWHM)
Micropulse energy 83 mJ
Repetition rate 6.1 MHz

the magnetic chicanes for the VUV FEL at TTF, which is presently under construction,
is a good example for many problems related to our bunch compressor design [10].

Optimization of the parameters of the FEL amplifier has been performed with the three-
dimensional time-dependent simulation code FAST [8]. This code has been developed in
the framework of the investigations on X-ray FELs. The optimized parameters of UV
FEL amplifier are presented in Table 1. A reliable method to increase the FEL efficiency
consists in an adiabatic change of the undulator parameter (or in undulator tapering).
The length of untapered section of the undulator is equal to 18.4 m. At the radiation
wavelength 260 nm, the peak value of magnetic field is about 1.15 T. The field in the
tapered section is reduced linearly with the length from 1.15 T down to the value of 1.05
T at the end of the undulator of 60 m. Figure 3 presents evolution along the undulator
length of the energy of the radiation pulse. Details regarding high-power UV FEL amplifier
design can be found in [11].

The undulator for an industrial-use UV FEL amplifier needs to be rather long in order
to provide the required power of the output radiation. Thus, strong focusing elements are
needed for the electron beam transport system. A combined function undulator (CFU)
approach [12], to implement strong focusing in a long undulator, is used in our design.
Tolerances for field errors and alignment are estimated on the basis of work done for the
30 m long CFU undulator for the VUV FEL at the TESLA Test Facility [13].

The wall plug power to output optical power efficiency of a FEL for industrial appli-
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Fig. 3. Energy in the radiation pulse versus the length for the FEL amplifier

cations is an important criterion. For the present design the ratio of the energy in the
radiation pulse to the energy in the electron pulse is about 4%. Energy recovery of most
of the driver electron beam energy would increase the power efficiency. The energy of
the spent electron beam is about 950 MeV. The energy spread of the electron beam after
leaving the undulator is pretty large, about +50 MeV. An important feature of our design
is that a very short electron bunch (of about 0.15 mm rms) is used for the generation of
the radiation. When the electron bunch leaves the undulator, we apply a transformation
of the particle distribution in the longitudinal phase space resulting in increased bunch
length and decreased energy spread [7] ?. After leaving the undulator the electron beam
passes a debuncher (first arc). The length of the bunch is increased by a factor of about 30,
and the uncorrelated energy spread is transformed to one correlated with the position of
the particles in the bunch. The resulting electron bunch length is still tolerable for use in
the energy recovery scheme. Subsequently, the electron bunch passes a special 1500-MHz
SRF accelerating structure at 90°crossing phase (0° corresponding to running on-crest)
and the energy spread of the electron beam is reduced to about 1.5 MeV. The electron

2 The transformations are in the reverse order from those used for phase bunching
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bunch with such energy spread can be decelerated safely down to the energy of about
10 MeV, which is much less than the initial energy spread °. As a result, we can reach
the RF power to output optical power efficiency of about 80%. Assuming the efficiency
of the klystron modulator be 80%, and the electronic efficiency of the high power CW
klystron 60%, we obtain that the AC wall plug power to output optical power efficiency
is about 40%. Another source of the energy consumption is cryogenic system of the SRF
accelerator. The present design requires cooling of about 30 cryomodules. To do this, we
need a He refrigerator with net power consumption about one MW. As a result, we obtain
a total efficiency of the proposed UV FEL amplifier about to 20%.

Driver linac cavities will use the energy recovery to reduce the RF power requirements
to less than 5 kW per cavity. For our design we had decided to power cryomodule by
one 23-kW klystron YK1180 from Siemens. Injector cavities and initial part of linac (first
50 MeV accelerator section) operating without energy recovery, will require about 600 kW
RF power. For this active part of the SRF linac we selected 500-MHz SRF structure, since
high power klystrons are commercially available for this frequency. An appropriate RF

source is one 1000-kW TH2105 tube.
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ABSTRACT
The first observation of Salf-Amplified Soontaneous Emission (SASE) in a free-electron laser (FEL) in the Vacuum

Ultraviolet range between 80 nm and 180 nm wavelength is presented. The observed free-electron laser gain
(typically above 1000) and the radiation characteristics, such as dependency on bunch charge, angular distribution,
spectral width and intensity fluctuations are discussed. Some accelerator issues are covered, and the future plans for

the TESLA Test Facility (TTF) FEL are mentioned.
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1 INTRODUCTION

X-ray lasers are expected to open up new and exciting areas of basic and applied research in biology, chemistry and
physics. Due to recent progress in accelerator technology the attainment of the long sought-after goal of wide-range
tunable laser radiation in the Vacuum-Ultraviolet and X-ray spectral regions is coming close to realization with the
congtruction of Free-Electron Lasers (FEL) [1] based on the principle of Self-Amplified Spontaneous Emission
(SASE) [6,7]. In a SASE FEL lasing occurs in a single pass of a relativistic, high-quality electron bunch through a
long undulator magnet structure.

The photon wavelength Ay, of the first harmonic of FEL radiation is related to the period length A, of a planar
undulator by
p) K 2
ho = fes[10] ®

y2

where y= E/mc? is the rdlativistic factor of the electrons, K = eB,A, /27mc the ‘undulator parameter’ and B, the
peak magnetic field in the undulator.

At very short wavelengths, the generation of an electron beam of extremely high quality in terms of emittance, peak
current and energy spread, and a high-precision undulator of sufficient length are the challenge to be met in order to
achieve high gain or even laser saturation within a single pass. Provided the spontaneous radiation from the first part
of the undulator overlaps the electron beam, the electromagnetic radiation interacts with the el ectron bunch leading to
a density modulation (micro-bunching) which enhances the power and coherence of radiation. In this “high gain
mode’ [2,3,4], the radiation power P(z) grows exponentially with the distance z d ong the undul ator

P(2) =R [AlexpRz/L,) , 2

where Lq isthe field gain length, P, the effective input power (see below), and A the input coupling factor [3,4]. Ais
equal to 1/9 in one-dimensional FEL theory with an ideal €l ectron beam.

The R&D program for the TESLA FEL aims at wavelength far below the visible. Therefore, there isno laser tunable
over awide rangeto provide theinput power P,. Ingtead, the spontaneous undulator radiation from the first part of the
undulator is used as an input signa to the downstream part. FELs based on this Self-Amplified-Spontaneous-
Emission (SASE) principle [5,6] are presently considered the most attractive candidates for delivering extremely
brilliant, coherent light with wavelength in the Angstrém regime [7-10]. Compared to state-of-the-art synchrotron
radiation sources, one expects full transverse coherence, larger average brilliance and, in particular, up to eight or
more orders of magnitude larger peak brilliance at pulse lengths of about 200 fs FWHM.

2EXPERIMENTAL SET-UP

The experimental results presented in this paper have been achieved at the TESLA Test Facility (TTF) Free-Electron
Laser [11] at the Deutsches Elektronen-Synchrotron DESY. The TESLA (TeV-Energy Superconducting Linear
Accelerator) collaboration consigts of 39 ingitutes from 9 countries and aims at the construction of a 500 GeV
(center-of-mass) e+/e- linear collider with an integrated X-ray laser facility [9]. Major hardware contributionsto TTF
have come from Germany, France, Italy, and the USA. The goal of the TTF FEL is to demonstrate SASE FEL
emission in the VUV and, in asecond phase, to build a soft X-ray user facility [12,13]. The layout is shown in Fig. 1.
The main parameters for FEL operation are compiled in Table 1.

The injector is based on a laser-driven 1¥2-cell rf gun eectron source operating at 1.3 GHz [15]. It uses a Cs,Te
cathode [16] and can generate bunch charges more than 10 nC at 1 MHz repetition rate. A loading system allows
mounting and changing of cathodes while maintaining ultra-high vacuum conditions [16]. The cathode is illuminated
by atrain of UV laser pulses generated in a mode-locked solid-state laser system [17] synchronized with the rf. An
energy of up to 50 pJ with a pulse-to-pulse variation of 2 % (rms) is achieved [18]. The UV pulse length measured
with a streak camerais o; = 7.1 + 0.6 ps . The rf gun is operated with a peak dectric field of 37 MV/m on the
photocathode. The rf pulse length was limited to 100 us and the repetition rate to 1 Hz for machine protection
reasons. The gun section is followed by a 9-cell superconducting cavity, boosting the energy to 16 MeV. The
superconducting accelerator structure has been described elsewhere [14].

The undulator is a fixed 12 mm gap permanent magnet device using a combined function magnet design [19] with a
period length of A, = 27.3 mm and a peak field of B, = 0.46 T, resulting in an undulator parameter of K=1.17. The
beam pipe diameter in the undulator (9.5 mm) [20] is much larger than the beam diameter (300um). Integrated
guadrupoal e structures produce a gradient of 12 T/m superimposed on the periodic undulator field in order to focus the
electron beam aong the undulator. The undulator system is subdivided into three segments, each 4.5 m long and
containing 10 quadrupol e sectionsto build up 5 full focusing-defocusing (FODO) cells. The FODO lattice periodicity
runs smoothly from segment to segment. There is a spacing of 0.3 m between adjacent segments for diagnostics [21].
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The total length of the system is 14.1 m. The vacuum chamber incorporates 10 beam position monitors and 10 orbit
correction magnets per segment, one for each quadrupole [20].

For optimum overlap between the eectron and light beams, high precision on the magnetic fields and mechanical
alignment are required. The undulator field was adjusted such that the expected rms deviations of the electron orbit
should be smaller than 10 um at 300 MeV [22]. The beam orbit straightness in the undulator is determined by the
alignment precision of the superimposed permanent-magnet quadrupole fields which is better than 50 um in both
vertical and horizontal direction. The relative alignment of the three segments is accomplished with a laser
interferometer to better than 30 um [23].

Different techniques have been used to measure the emittance of the electron beam [21,24]: Magnet optics scanning
(“quadrupole scans’), tomographic reconstruction of the phase space including space charge effects, and the dlit
system method. All methods use optical transition radiation emitted from aluminum foils to measure the bunch
profiles and yield values for the normalized emittance of (4 + 1) = mrad mm for a bunch charge of 1 nC at the exit of
the injector. The emittance in the undulator, as determined from quadrupol e scans and from a system of wire scanners
was typically between 6 and 10 = mrad mm (in both horizontal and vertica phase space). It should be noted that the
measurement techniques applied determine the emittance integrated over the entire bunch length. However, for FEL
physics, the emittance of bunch dices much shorter than the bunch length is the relevant parameter. It is likely that,
due to spurious dispersion and wakefields, the bunch axis is tilted about a transverse axis such that the projected
emittance is larger than the emittance of any dice. Based on these considerations we estimate the normalized dice
emittance in the undulator at (6 = 3) = mrad mm.

A bunch compressor is inserted between the two accelerating modules, in order to increase the peak current of the
bunch up to 500 A, corresponding to 0.25 mm bunch length (rms) for a 1 nC bunch with Gaussian density profile.
Experimentaly, it is routinely verified that a large fraction of the bunch charge is compressed to a length below
0.4 mm (rms) [25]. There are indications that the core is compressed even further. We estimate the peak current for
the FEL experiment at (400 + 200) A. Coherent synchrotron radiation in the magnetic bunch compressor may affect
the emittance and the energy spread at such short bunch lengths [26,27]. Beam parameters like peak current and dice
emittance determine the FEL gain length critically. Thus we consider further improvements of beam diagnostics
essential for any precise verification of FEL models at short wavelengths.

For radiation intensity measurements [28] we use a PtS photdioade integrating over all wavelengths. The detector
unit was placed 12 m downstream the undulator exit. A 0.5 mm iris was placed in front of the photodiode in order to
avoid saturation effects.

3FEL MEASUREMENTS

A strong evidence for the FEL process is a large increase in the on-axis radiation intensity if the electron beam is
injected such that it overlaps with the radiation during the entire passage through the undulator. Fig. 2 shows the
intensity passing a 0.5 mm iris, located on axis 12 m downstream of the undulator, as a function of the horizontal
beam position at the undulator entrance. The observed intensity inside a window of £200 um around the optimum
beam position isafactor of more than 100 higher than the intensity of spontaneous radiation. Thisintensity gain was
first observed with the photodiode and later confirmed with the CCD camera of the spectrometer. The centra
wave ength for this first SASE demonstration at the TTF FEL was 108.5 nm [29].

SASE gain is expected to depend on the bunch chargein an extremely nonlinear way. An intensity enhancement by a
factor of more than 100 was observed when increasing the bunch charge from 0.3 nC to 0.6 nC while keeping the
beam orhit constant for optimum gain. The gain did not further increase when the bunch charge exceeded some 0.6
nC. This needs further study, but the most likely reason is that the beam emittance becomes larger for increasing Q
thus reducing the FEL gain.

The wavelength of 108.5 nm was consistent with the measured beam energy of (233t5) MeV and the known
undulator parameter K=1.17, see Eq. (1). From the user point of view a most important feature of FELs starting from
noise is the arbitrary tunability of wavelength. At TTF FEL this was demongrated by tuning the eectron beam
energy between 272 MeV and 181 MeV, corresponding to wavelengths from 80 nm to 181 nm. Within this range,
SASE was achieved at any energy where the SASE search procedure was performed, see Fig. 3. Typically, a SASE
gain (for definition, see below) above 1000 was observed. The spectral width was in most cases in agreement with
theory. A possible source of spectral widening was energy jitter, since the spectra were taken by averaging over many
bunches.

A characteristic feature of SASE FELsisthe concentration of radiation power into a cone much narrower than that of
wave ength integrated undul ator radiation, whose opening angleisin the order of 1/y. Measurements done by moving
the 0.5 mm iris horizontaly together with the photo diode confirm this expectation, see Fig. 4. The spontaneous
intensity is amplified by a factor of 30 to be visible on this scae.

In order to study which section of the undulator contributes most to the FEL gain, we applied closed orbit beam
bumps to different sections of the undulator, thus disturbing the gain process at various locations along the undulator.
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It was seen that practically the entire undulator contributes, but with some variation in local gain. Some improvement
in the over-all gain should be possible by optimizing the settings of the 30 orbit correction coils.

The energy flux was 2 nJmm? at the location of the detector and the on-axis flux per unit solid angle was about 0.3
Jsr. This value was used as a reference point for the numerical simulation of the SASE FEL at 108.5 nm with the
code FAST [30]. The longitudinal profile of the bunch current was assumed to be Gaussian with an rms length of
0.25 mm. The transverse distribution of the beam currrent density was also taken to be Gaussian. Calculations have
been performed for a Gaussian energy spread of 0.1%, and the normalized emittance was varied in the smulations
between 2 and 10 = mrad mm. Our cal culations show that in thisrange of parameters the value of the effective power
of shot noise P, and coupling factor A~0.1 (see eg. 2) are nearly constant. A level of energy flux of 0.3 Ja is
obtained at five field gain lengths Lg. With these parameters the FEL gain can be estimated a G =~ 3:10° with a factor
of 3 uncertainty which is mainly due to the imprecise knowledge of the longitudinal beam profile. If we assume that
the entire undulator contributes to the FEL amplification process, we estimate the normalized emittance at 8 = mrad
mm in reasonabl e agreement with the measurements. However, as stated before, it is more likely that the normalized
(dice) emittanceis smaller and the ectron orbit is not perfectly straight. Thisis supported by the observation that in
afirst systematic attempt of improving the orbit sraightnessin the undulator, the SASE gain at 109 nm was increased
by another factor of 3. Thus, at 109 nm the maximum achieved gain was G = 1-10". It should be noted that large
SASE gain was achieved in a stable and reproducible way for several weeks.

It is essential to redize that the fluctuations seen in Fig. 2 are not primarily due to unstable operation of the
accelerator but are inherent to the SASE process. Shot noise in the eectron beam causes fluctuations of the beam
density, which are random in time and space [31]. As aresult, the radiation produced by such a beam has random
amplitudes and phases in time and space and can be described in terms of statistical optics. In the linear regime of a
SASE FEL, the radiation pulse energy measured in a narrow central cone (opening angle +20 prad in our case) at
maximum gain is expected to fluctuate according to a gammadistribution p(E) [32],

p(E) :I_'\?'\:)[é]wléexp[—l\/l <E>] , ©

where (E) is the mean energy, (M) is the gamma function with argument M, and M = ((E<(E))/E)? is the
normalized variance of E. M corresponds to the number of longitudinal optical modes. Note that the same kind of
statistics applies for completely chaotic polarized light, in particular for spontaneous undulator radiation.

For these statistical measurements the signals from 3000 radiation pulses have been recorded at 109 nm wavelength,
with the small iris (0.5 mm diameter) in front of the photo diode to guarantee that transversely coherent radiation
pulses are selected. As one can see from Fig. 5, the distribution of the energy in the radiation pulses is quite close to
the gamma distribution. The relaive rms fluctuations are about 26% corresponding to M = 14.4. Similar
measurements have been performed at other wavelengths. One should take into account that these fluctuations arise
not only from the shot noise in the eectron beam, but the pulse-to-pulse variations of the beam parameters can aso
contribute to the fluctuations. Thus, the value M = 14 can be considered a lower limit for the number of longitudinal
modes in theradiation pulse. Using the width of radiation spectrum we cal cul ate the coherence time [32] and find that
the part of the eectron bunch contributing to the SASE process is at least 100 um long. From the quality of the fit
with the gamma distribution we can also conclude that the statistical properties of the radiation are described with
Gaussian statigtics. In particular, this means that there are no FEL saturation effects.

4 SUMMARY

High gain SASE in the VUV has become redlity. Wave ength tuning between 80 nm and 181 nm as well as reliable
operation was demonstrated at DESY over several weeks. To date, all observations arein agreement with the present
SASE FEL models. More precise electron beam diagnostics is desirable for a more detailed verification of FEL
models. Now there is more than ever optimism justified in view of the feasibility of future X-ray user facilities.
However, there is still a way to go: The SASE gain demondrated so far is still some orders of magnitude below
saturation. Also, stable operation with long pulse trains containing several thousand pulses and flexible timing
pattern, as requested by users, remains a challenge for accelerator physicists.
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Figure Captions:

Figure 1: Schematic layout of phase 1 of the SASE FEL a the TESLA Test Facility at DESY, Hamburg. The linac
contains two 12.2 m long cryogenic modules each equipped with eight 9-cell superconducting accelerating cavities
[14]. Thetota length is 100 m.

Figure 2: Sensitivity of radiation power to horizontal electron beam position at the undulator entrance. The dots
represent mean values of the radiation intensity for each beam position. The horizontal error bars denote the rms
beam position ingtability while the vertical error bars indicate the standard deviation of intensity fluctuations, which
are dueto the dtatistical character of the SASE process, see Eq. (3).

Figure 3: Wavelength of the central radiation cone (collimation angle +£0.2 mrad) as a function of electron beam
energy. The FEL gain was typically >1000. The bunch charge was 1 nC.

Figure 4: Horizontd intensity profile of SASE FEL and spontaneous undulator radiation (x30), measured with a
photodiode behind a 0.5 mm aperture in a distance of 12 m from the end of the undulator. The dotted lineis the result
of numerical simulation.

Fig. 5: Probability distribution of SASE intensity at 109 nm wavelength. The rms fluctuation yields a number of
longitudina modes M = 14. The solid curve isthe gamma distribution for M = 14.4. The bunch chargeis 1 nC.
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Par ameter Unit M easur ed value for
FEL experiment
beam energy at undulator MeVv 181 - 272 MeV
rms energy spread MeVv 0.3+ 0.2MeV
rmstransverse beam size pm 100 = 30 pm
€, (hormaized emittance) in the undulator Ttmrad mm 6+ 3 Tmrad mm
electron bunch charge nC 1nC
peak e ectron current A 400 + 200 A
bunch spacing us 1lus
repetition rate Hz 1Hz
Au (undulator period) mm 27.3mm
undulator peak field T 046T
effective undulator length m 135m
typical betatron function horizontal/vertical 1.1m
Aph (radiation wavel ength) nm 80—181nm
FEL gain 10%- 10*
FEL radiation pulse length ps 04-1ps
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Table 1: Main parameters of the TESLA Test Facility for FEL experiments (TTF FEL, phase 1).
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A Test of the Laser Alignment System ALMY
at the TTF-FEL

S. Roth?, S. Schael ™!, G. Schmidt ?

2 Deutsches Elektronen-Synchrotron DESY, Notkestrafie 85,
D-22603 Hamburg, Germany
b Maz- Planck-Institut fiir Physik, Féhringer Ring 6,
D-80805 Miinchen, Germany

Abstract

The laser alignment system ALMY was tested at the 15 m long undulator section
of the TESLA test facility. The positions of the undulator modules relative to each
other have been determined with a precision of 0.1 mm, limited by the accuracy
of the mechanical support of the sensors. Additionally, ALMY allows to measure
movements or drifts over several days and we found that the undulator components
are stable within 10 pm. The resolution of the sensors is better than 2 ym over a
distance of 15 m.

! now at I. Phys. Inst., RWTH Aachen, D-52056 Aachen, Germany
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1 Introduction

New alignment techniques have to be established for the construction of a
future linear collider or light source. For the proposed TESLA collider [1] the
integration of a X-ray free electron laser (FEL) is planned. It will use the effect
of Self Amplified Spotanous Emission (SASE). In such SASE FEL a tightly
focused electron beam of high charge density is sent through a long undulator.
The focussing is achieved by separated or integrated quadrupoles. The SASE
effect results from the interaction of the electron bunch with its own radiation
field created by the motion inside the undulator. This interaction can only take
place if the electron and the photon beams overlap. To keep the electron beam
inside the undulator on a straight line the precise alignment of the individual
undulator modules and the focusing elements with respect to each other is
crucial.

A FEL working in the vacuum ultraviolett (VUV) has been constructed at
the TESLA Test Facility (TTF). At the TTF-FEL [2] the electron beam po-
sition must be straight with transverse deviations of less than 10 ym rms over
the entire 15 m long undulator. Therefore the magnetic axis of the undula-
tor with a superimposed FODO structure must be aligned with about the
same accuracy. For the alignment of the three individual undulator segments
a commercially available interferometer system has been used which reaches
a precision of the order of 5 ym. The alignment system uses reference marks
on the undulator which have a known offset to the magnetic axis of the un-
dulator. The magnetic axis of the whole undulator is estimated to be straight
within 30 pm [3].

As the laser interferometer is a manual system it has the disadvantage that it
cannot be used during operation of the machine. Therefore it cannot deliver a
continous monitoring of the positions of the undulator components. As an al-
ternative we tested the ALMY [5] system. It is a multi-point alignment system
that has been developed for the muon spectrometer of the ATLAS detector at
the Large Hadron Collider. It uses an infrared laser beam, acting as alignment
reference, which transverses several transparent silicon sensors. The sensors
measure the laser beam position in both transverse coordinates. Thermal ef-
fects like density fluctuations of the air can influence the straightness of the
laser beam. Such effects are shielded by means of an aluminium tube around
the laser beam.
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2 The Transparent Silicon Sensors and the ALMY System

The optical sensors have to combine high position resolution and high light
transmission. To optimize the transmission thin films of amorphous silicon (a-
Si) are used as photo-sensitive material. The amorphous silicon strip sensors
were produced at Heimann Optoelectronics and provide high precision position
measurement at relatively low cost. CVD techniques are used to deposit the
1 pm thick photo-sensitive layers onto a 0.5 mm thick glass substrate. High-
quality polished parallel glass wafers minimise uncertainties in the deflection
of the transversing laser beam. The a-Si film is sandwiched by two 0.1 gum thick
electrodes of indium-tin oxide (ITO) which are segmented into two orthogonal
strip rows. The bottom electrode acts as ohmic contact while the top electrode
forms a Shottky diode which is operated at about 3 V bias voltage. The strip
pitch of about 300 um has been optimized to the typical laser beam diameters
of 3-5 mm. The structure of the sensors is shown in Fig. 1. Position resolutions
of 1 um over the whole sensor surface have been measured and transmission
rates above 90% at A = 790nm have been achieved [5].

The readout electronics is integrated inside the sensor module. In Fig. 2 a
complete sensor module is shown. The photocurrents of all strips are multi-
plexed, amplified and digitized. These values are stored into a memory which
can be readout by a VME bus system. The system can be read out with a
rate which is limited to about one measurement per second at maximum.

3 The Test Setup

The undulator of the TTF-FEL consists of three undulator modules inter-
spersed with four diagnostic modules containing wire scanners and beam po-
sition monitors [4]. The magnetic axis of the individual undulator modules
itself has been measured using a 12 m long bench [3]. To build the undulator
section inside the linac tunnel both ends of each undulator module and the
diagnostic modules have to be lined up. As the alignment is done seperatly
for the horizontal and the vertical coordinate this gives in total 20 reference
marks.

In Fig. 3 a view along the TTF undulator section is shown. For a first test
of the ALMY system the sensors were placed at the alignment marks which
determine the horizontal positions. Because of lack of space the last alignment
mark has been used for installation of the laser optics. The laser sends a
collimated laser beam with a diameter of 3-5 mm through all nine sensors.
The laser beam is shielded against temperature gradients and fluctuations
using aluminium tubes.
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The readout of the silicon strip detectors is done by each sensor module in-
dividually and the digitized signal height of each strip is sent via RS232 con-
nection to a data aquisition program running on a PC. Here a Gauss fit is
performed to the shape of the measured beam profiles. The mean value from
this fit is taken as the position measurement.

4 Measurement Results

The laser alignment system ALMY has shown that it works within the back-
ground of radiation and electronic noise of the linac tunnel. It took data with-
out any interruption during five days of linac operation with electron beam.
Nine detectors were installed. The positions and movements of the sensors
could be monitored all the time during this period.

A comparison between the measured positions and the design positions of the
alignment marks can be seen in Fig. 4. The design position of the reference
marks contains the offset of the reference mark to the magnetic axis of the
undulator. The difference of measurement and design gives the displacement
of the individual components to the magnetic axis of the undulator. It is shown
in the lower part of Fig. 4. The measurement error is influenced mainly by
the mechanical assembly of the sensors onto the alignment marks which has a
precision in the range of 0.1 mm. Within this error one would conclude from
this measurement that the undulator forms a straight line with exception of
the components at both ends of the undulator section.

The setup has been operated in the linac for 4 days. Every 30 seconds a
measurement was performed and the result written to disk. This allowed us
to monitor the sensor positions continously and to look for movements of the
individual components, either in form of oscillations or in form of drifts. The
result is shown in Fig. 5. One observes oscillations of the measured result with
amplitudes of up to 50 um and periods of about 40 minutes. As can be seen in
Fig. 6 these oscillations are correlated with the temperature variations in the
climatized hut, where the undulator is placed. The amplitude is proportional
to the distance of the sensor from the laser.

The observed oscillations are caused by changes of the laser beam direction
by 3 nrad due to the temperature change of 0.3 °C. As we are not interested
in movements of the reference laser beam but in potential movements of the
undulator components with respect to each other we put again a straight line
through two of the components. The difference of the measured position from
the straight line is then independent of changes in the laser beam direction.
The result is shown in the bottom part of Fig. 5 and shows that the corrected
measurements show a reduced dependence on the temperature variations.
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During a period of about one hour we took data every second. These data are
analysed in Fig. 7. First all measurements are shown corrected for the changes
of the laser beam direction as explained before. The next plot of Fig. 7 gives
the mean value of these single measurements averaged over five minutes. The
resulting curve is much smoother than before and movements in the micron
range are easily detectable. The resulting curves are showing the movement
of the individual sensors to the reference axis. The spatial resolution of the
sensors is calculated out of the position noise and it varies between 0.7 ym near
the tail of the laser beam and 2 um at both ends of the alignment distance.

A comparision with other alignment methods is shown in Fig. 8. In between
the expectable errors the measurements show good agreement. Only at both
ends of the undulators some deviations are visible. Further investigations are
needed to understand if there are systematic errors explaining this effect.

5 Conclusions

The laser alignment system ALMY was shown to work within the background
of radiation and electronic noise inside the linac tunnel. With an improved
fixation of the sensors to the undulator and individually calibrated sensors
the ALMY system it will be possible to measure online the position of the
undulator components with an accuracy of better than 0.03 mm. Nevertheless
further test should be done here at DESY to investigate if the number of
sensors can be increased without reducing the accuracy of the measurement
and to check the usable distance where the ALMY system works.

However it should be possible to use ALMY as a fast alignment system for
complete beam line sections which could be up to 15 m long.
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Fig. 1. Cross section of the photosensitive detector.
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Abstract

A new design for a single pass X-ray Self-Amplified Spontaneous Emission (SASE) FEL was proposed in
[1] and named two-stage SASE FEL. The scheme consists of two undulators and an X-ray monochromator
located between them. For the Angstrom wavelength range the monochromator could be realized using
Bragg reflections from crystals. Proposed scheme of monochromator is illustrated for the 14.4 keV X-
ray SASE FEL being developed in the framework of the TESLA linear collider project. The spectral
bandwidth of the radiation from two-stage SASE FEL (20 meV) is defined by the finite duration of
the electron pulse. The shot-to-shot fluctuations of energy spectral density are dramatically reduced in
comparison with the 100 % fluctuations in a SASE FEL. The peak and average brilliance are by three
orders of magnitude higher than the values which could be reached by a conventional X-ray SASE FEL.

1. Introduction

A single pass X-ray SASE FEL [2,3] can be modified as proposed in [1] in order to reduce
significantly the bandwidth and the fluctuations of the output radiation. The proposed
scheme consists of two undulators and an X-ray monochromator located between them.
The first undulator operates in the linear regime of amplification starting from noise and
the output radiation has the usual SASE properties. After the exit of the first undulator
the electron is guided through a bypass and the X-ray beam enters the monochromator
which selects a narrow band of radiation. At the entrance of the second undulator the
monochromatic X-ray beam is combined with the electron beam and is amplified up to
the saturation level.

The electron micro-bunching induced in the first undulator should be destroyed prior
to its arrival at the second one. This is achieved automatically due to the natural energy
spread when the electron beam goes through a bypass. At the entrance of the second
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undulator the radiation power from the monochromator dominates significantly over the
shot noise and the residual electron bunching, so that the second stage of the FEL amplifier
will operate in a regime when the input signal bandwidth is small with respect to the FEL
amplifier bandwidth.

The monochromatization of the radiation is performed at a relatively low level of radia-
tion power which allows one to use conventional X-ray optical elements for the monochro-
mator design. X-ray grating techniques can be used successfully down to wavelengths of
several A and at shorter wavelengths crystal monochromators could be used.

The proposed scheme possesses two significant advantages. First, it opens a perspective
to achieve monochromaticity of the output radiation close to the limit given by the finite
duration of the electron pulse and to increase the brilliance of the SASE FEL. Second,
shot-to-shot fluctuations of the energy spectral density could be reduced from 100 %
to less than 10 % when the second undulator section operates at saturation. Since it is
a single bunch scheme, it does not require any special time diagram of the accelerator
operation.

The conditions that are necessary and sufficient for the effective operation of a two-stage
SASE FEL were discussed in [1] and can be summarized as follows

P Pt = GO Ron(6M/ N/ (61 N)sase > 1, (1)
Aoy < (M N < (0A/N)sasE (2)
GV <« G (SASE) | (3)

Here Pif) is the input radiation power at the entrance to the second undulator, Py is the
effective power of shot noise, G(Y) is the power gain in the first undulator, Ry, is the integral
reflection coefficient of the mirrors and the dispersive elements of the monochromator,
(6A/A)m is the resolution of the monochromator, (6A/A)sask is the radiation bandwidth
of the SASE FEL at the exit of the first undulator, o, is the rms length of the electron
bunch, and Gt (SASE) is the power gain of SASE FEL at saturation.

An application of such a two-stage scheme to 6 nm SASE FEL at the TESLA Test
Facility at DESY [4] was discussed in [1,5]. Now it is funded and is expected to be the
main option for operation of the user facility. In this paper we consider a possible design
of the two-stage FEL operating in the Angstrom range for the X-ray laboratory integrated
into the TESLA linear collider project [6]. To be specific we consider the FEL optimized
for 14.4 keV X-rays (0.86 A) Special interest for the 14.4 keV X-rays is due to additional
possibilities which the powerful and diverse nuclear resonance scattering techniques with
the highly monochromatic 14.4 Méssbauer radiation [7] open for studies of structure and
dynamics of solids, biological molecules, etc.
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Table 1
Parameters of the electron beam and the undulators
Electron beam

Energy, & 25 GeV
Peak current, Iy 5 kA
rms bunch length, o, 23 pm

Normalized rms emittance, ¢, 1.67 mm mrad
rms energy spread (entrance) 2.5 MeV

External g-function 45 m
Bunch separation 93 ns
Number of bunches per train 11315
Repetition rate 5 Hz
Undulator

Type Planar
Period, Ay 4.5 cm
Peak magnetic field, Hy 9.5 kGs

2. Parameters of the two-stage X-ray FEL

Main parameters of the electron beam and the undulators are presented in Table 1
and coincide with those of usual SASE FEL at 14.4 keV being designed for TESLA.
The SASE FEL bandwidth at the exit of the first stage is about 7 x 10™* and weakly
depends on the gain. We require the monochromator FWHM bandwidth to be about 20
meV, or 1.4 x 107° (see (2)). The integral reflection coefficient of all the crystals of the
monochromator is expected to be in a range of 0.3 - 0.5. ReC%uiring the excess of the input

radiation power at the entrance to the second undulator P, 2) gver the effective power of

shot noise Pyot to be two orders of magnitude (see (1) and [5]) we end up with the gain
of 1.5 x 10° in the first undulator. The SASE FEL gain at the saturation would be about
4 x 10° so that the condition (3) is satisfied.

Parameters of the first and the second stages are presented in Table 2. They has been
calculated with the FEL simulation code FAST [8]. Let us note that when calculating
these parameters we have taken into account the growth of energy spread in the electron
beam due to the quantum fluctuations of undulator radiation [9,10]. The peak and average
brilliance of the X-ray beam at the exit of the second stage are 500 times larger than in
the case of usual SASE FEL. The shot-to-shot fluctuations of the energy spectral density
are reduced to the 10% level due to nonlinear stabilization mechanism [5].

The distance between the two undulators is mainly defined by parameters of the electron
beam bypass (chicane) that must compensate a path delay of X-rays in the monochroma-
tor. The latter is assumed to be of the order of 1 cm. For the bending angle of chicane
magnets equal to 3 x 1072 the total length of the chicane will be about 40 m. The elec-
tron beam microbunching will be completely destroyed at the end of the bypass due to
the uncorrelated energy spread in the beam and reasonable longitudinal dispersion of the
chicane [1]. Due to the small angular divergence of radiation coming out of the first un-
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Table 2

Parameters of the first and the second stages

1st stage
Wavelength, A 0.860 A
Effective power of shot noise, Pshot 5 kW
Length of undulator, L\(,Vl) 140 m
FWHM bandwidth , (6/\//\)SASE 7T x 10~
Radiation spot size (FWHM) 50 pm
Angular divergence (FWHM) 1 prad
Peak power 0.75 GW
Average power 4 W

2nd stage
Input power, Pi(nz) 0.0 MW
Length of undulator, L\(,Vz) 170 m
FWHM bandwidth , A/A 1.4 %1075
Angular divergence (FWHM) 0.7 prad
Radiation spot size (FWHM) 110 pm
Peak power 20 GW
Average power 110 W
Peak brilliance 3 x 103 Phot./(secxmrad? xmm?x0.1 % bandw.)
Average brilliance 2 x 10?8 Phot./(secxmrad? xmm?x0.1 % bandw.)

Table 3
Parameters of the monochromator and the electron beam bypass

Monochromator
Nominal energy 14.4 keV
Bandwidth 20 meV
Tunability range 2-4 keV
Total reflection coefficient 0.3-0.5
Absorbed average power < 200 mW

Absorbed average power density < 50 W/mm?
Electron beam bypass (chicane)

Total length 40 m
Bending angle of magnets 0.03
Path lengthening 1 cm

dulator, the focusing of this radiation is not necessary. Indeed, calculations show that the
input coupling factor [11] to the eigenmode in the second undulator decreases by about
30% with respect to the case of optimal focusing. Main parameters of the monochromator
and the electron beam bypass are presented in Table 3.

3. High energy-resolution, high heat-load, tunable X-ray monochromator
The main requirements to the X-ray monochromator of the two stage XFEL are

i. degree of monochromatization: \/§A = E/0F = 0.7 x 10°;
ii. tunability range: a few keV;

91



iii. resistance to the high heatload.

To reach the required value of monochromatization alone is not a problem. Nowadays a
monochromatization of 107 and more is possible. Bragg diffraction is the main tool used
for such purposes. For a recent review of the techniques used and achievements in this field
see, e.g., [12]. However, the combination of the three requirements renders the realization
of such a monochromator not so straightforward.

3.1.  Spectral width of Bragg reflections and tunability range.

Tunability of an X-ray monochromator for a given monochromaticity will be addressed
first.

The relative energy width of a Bragg reflection in a thick nonabsorbing crystal (like
silicon, diamond, etc) is given in the dynamical theory of diffraction in perfect crystals

(see, e.g., [13]) by
5_E _ 5_)‘ _ |Xg|

E )X sin?@’
Here 8 is the glancing angle of the radiation plane wave to the reflecting atomic planes
(hkl) with the interplanar distance dyx and the related reciprocal vector g where |g| =

27 [dpyi. The relation between the wavelength A of the reflected x rays and 6 is given by

the Bragg law 2djz; sinf = A.
2 . 2
Xg = — r;?/ Zf (#) exp (— <1;—2>87T2 sin? (9)

is the Fourier component of the electric susceptibility corresponding to the reciprocal
vector g. The expression is valid for a single atom crystal. Here the following notations
are used: V is the volume of the crystal unit cell; Z is atomic number; r, is the classical
electron radius; f(...) is the atomic scattering formfactor; and exp(...) is the Debye-
Waller factor with (u?) as the mean square displacement of atoms in the direction of the
scattering vector g due to thermal vibrations. The combination of the both equations
gives

oK reAim -1 2 {u?)
Ty Zf()\hkl) exp | — 87 % : (4)

Here the Bragg wavelength Ayi; = 2dpp is introduced - the largest wavelength of X-rays
allowed to be reflected from the (hkl) atomic planes by the Bragg law.

An important and very favorable implication of eq. (4) for our applications is that
the relative spectral width for the given Bragg reflection (hEl) is independent of the
energy or glancing angle of X-rays and defined merely by properties of the crystal and
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reflecting atomic planes. In particular it implies that the choice of a crystal, reflecting
atomic planes and crystal temperature determines the spectral resolution. Figure 1 shows
results of evaluations of the monochromaticity F/dFE of X-rays reflected from different
atomic planes (hkl) in diamond (C) and silicon (Si) single crystals at room temperature.
The range of tunability is limited only by the lowest X-ray energy allowed by the Bragg
law - the Bragg energy Epnp = he/App-

The 1 prad divergency (FWHM) of X-rays from the first undulator were also taken into
account, which shows up in the decreasing monochromaticity with raising X-ray energy.
This occurs when the angular acceptance of Bragg reflections approaches the angular
divergence of the incoming beam.

As it is seen from Fig. 1 the number of possible reflections which provide required
monochromaticity and tunability range is rather limited. In case of diamond (C), these
are (137) or (117) and equivalent ones. In case of silicon single crystals these are (139) or
(339) and equivalent ones.

We are discussing here only silicon and diamond single crystals. There are two reasons
for this. Si single crystals are the most perfect crystals available nowadays. This is an
important feature which ensures the preservation of the coherent properties of the radi-
ation from the first undulator. Diamond although not so perfect as silicon, nevertheless
sufficiently large ~ 10 x 10 x 1 mm? perfect crystals are available already now [14]. The
greatest advantage of diamond is its ability to withstand the high heat load due to the
extremely high thermal conductivity, low thermal expansion, small X-ray absorption, and
high reflectivity.

3.2, Actual scheme

We have chosen the 4-bounce scheme of the X-ray monochromator as shown in Fig. 2.
This solution is advantageous as it allows to keep the direction and the position of the
X-ray beam at the exit the same as at the entrance of the monochromator.

This solution is advantageous also due to the possibility to use the first two Bragg
reflectors as a high-heat load premonochromator, which withdraws the major heat load
from the actual high energy-resolution monochromator - the third and the forth crystals.
In the pre-monochromator part one can use, e.g., diamond crystal plates of a 100 pm
thickness and the reflection C(004). Given the crystal is perfect, it reflects 99% of the
incident X-rays within a band of 132 meV. Only 5% of the off-band radiation is absorbed,
and the rest passes through. The absorbed power is thus 20 times less than the incident one
and is about 200 mW. The absorbed power density is about 50 W/mm?. It is comparable
with that at the monochromators of the 3rd generation synchrotron sources [15]. The
radiation power which reaches the high resolution monochromator crystals is ~ 1.3% of
the initial value. The latter can be reduced by a factor of two if to use the reflection

C(133) with a bandwidth of 75 meV.
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Fig. 1. Degree of monochromatization E/§E of X-rays reflected from the atomic planes (hkl) in diamond (C) and silicon
(S1) single crystals at room temperature. The divergence of the incident X-rays is assumed to be 1 pyrad. At the right end
of each graph the glancing angle 8 is given corresponding to the highest X-ray energy £ = 15.5 keV considered.

The final monochromatization to the required level takes place by a high-index reflection
in the third and the forth crystals. The required monochromatization £/dE = 0.7 x 10° of
the 14.4 keV X-rays can be achieved, according to Fig. 1, by only a very limited number
of reflections. The final choice of the reflection should be dictated by the requirements of
tunability and heatload. The Bragg reflection in diamond has a smaller tunability range.
On the other hand it has higher reflectivity and angular acceptance as well as better
thermal properties. Fine adjustment of the angular acceptance and the energy bandwidth
can be performed by using asymmetric Bragg reflections.

An important technical issue is a path delay (with respect to the straight path) which
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Fig. 2. The two-stage XFEL with the 4-bounce X-ray monochromator: C(004) x C(004) — C(137) x C(137). Ad-
ditional path length acquired by the X-rays in the monochromator is L = 3.0H. Alternative realization is
C(004) x C(004) — Si(139) X Si(139) with silicon crystals as a high-energy resolution monochromator. The additional path
length is 6L = 1.7H.

e

the X-ray pulse acquires in the monochromator. The path delay equals to
(SL =H (tan@HKL + tan@hkl), (5)

where H is the beam shift, g7 in the Bragg angle of the reflections in the high
heat-load part (the first two crystals), and 6 in the Bragg angle of the reflections in
the high energy-resolution part of the monochromator (the third and the forth crystals).
By varying H one can keep the delay dL constant in the whole tunability range of the
monochromator. For the proposed monochromator schemes the actual values of §L are
given in Fig. 2 caption and can be about 1 em.

4. Conclusion

Our analysis shows that the construction of the high-brilliant two-stage SASE FEL in
the Angstrom spectral range is feasible. We have considered an ultimate case when the
spectral bandwidth is defined by the finite duration of the electron bunch (lower limit
in (2)). By increasing the bahdwidth one can increase the tunability range and reduce
the power density incident on crystals. The final choice of parameters will be dictated by
needs of potential users of intense monochromatic X-rays.
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Abstract

In this paper we present a systematic approach for analytical description of SASE FEL in the linear
mode. We calculate the average radiation power, radiation spectrum envelope, angular distribution of
the radiation intensity in far zone, degree of transverse coherence etc. Using the results of analytical
calculations presented in reduced form, we analyze various features of the SASE FEL in the linear mode.
The general result i1s applied to the special case of an electron beam having Gaussian profile and Gaussian
energy distribution. These analytical results can be serve as a primary standard for testing the codes.
In this paper we present numerical study of the process of amplification in the SASE FEL using three-
dimension time-dependent code FAST. Comparison with analytical results shows that in the high-gain
linear limit there is good agreement between the numerical and analytical results. It has been found
that even after finishing the transverse mode selection process the degree of transverse coherence of the
radiation from SASE FEL visibly differs from unity. This 1s consequence of the interdependence of the
longitudinal and transverse coherence. The SASE FEL has poor longitudinal coherence which develops
slowly with the undulator length thus preventing a full transverse coherence.

1. Introduction

A complete description of the SASE FEL can be performed only with three-dimensional
(3-D) time-dependent numerical simulation codes. Application of the numerical calcula-
tions allows one to describe the general case of the SASE FEL operation, including the
case of an arbitrary axial and transverse profile of the electron bunch, the effects of finite
pulse duration and nonlinear effects. Since construction of the 3-D time-dependent codes
is a rather complicated problem, significant attention should be devoted to the testing
the codes. On the other hand, testing the numerical simulation codes would be difficult
without the use of analytical results of SASE FEL linear theory as a primary standard.
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With the design and construction of VUV and X-ray FELs, many 3-D time-dependent
codes (GINGER [1], GENESIS [2], FAST [3]) have been developed over the years in order
to describe FEL amplifier start-up from shot noise. Nevertheless, it should be emphasized
that despite these codes are widely used in the design of X-ray FELs [4-7], there are no
comparison between numerical simulation and analytical results of 3-D SASE FEL theory.

From the theoretical point of view the SASE FEL, is a rather complicated object, so
it is important to find a model which provides the possibility of an analytical descrip-
tion without loss of essential information about the features of the SASE process. When
deriving analytical results we used the model of a long electron bunch with rectangular
axial profile of the current. Investigation of the SASE FEL process is preformed with
steady-state spectral Green’s function connecting the Fourier amplitudes of the output
field and the Fourier amplitudes of the input noise signal. Since in the linear regime all
the harmonics are amplified independently, we can use the result of steady-state theory
for each harmonic and calculate the corresponding Fourier harmonics of output radiation
field. In the framework of this model it becomes possible to describe analytically all the
statistical properties of the radiation from the SASE FEL.

When the FEL amplifier operates in the steady-state linear regime, the driving electron
beam can be considered as an active medium whose properties do not depend on the
longitudinal coordinate z. Let us analyze the nature of the self-consistent solution of
Maxwell’s equations and the Vlasov equation at a fixed frequency w. The electric field of
the wave radiated in the helical undulator may be represented in the complex form:

B, +iE, = E(z,7) expliw(z/c — t)] (1)

At a sufficient distance from the undulator entrance the radiation can be presented as a
superposition of the exponentially growing guided modes

E(z,7) =Y A;®;(FL) exp(A;2) |
i

where A; and ®;(7,) are the eigenvalues and the eigenfunctions of the guiding modes,
respectively, and Re(A;) > 0 . The rigorous solution of the eigenvalue problem for an
axisymmetric electron beam with stepped profile was obtain in [8]. The model of the
FEL amplifier considered in that paper is based on a full three-dimensional description
of electromagnetic field, but the electron motion is considered to be one-dimensional.
Later the initial-value problem was solved in [9] in framework of the same model of the
electron beam. An effects similar to the optical guiding effects occurs in optical fibers.
However, unlike guided modes in fiber optics, FEL guided modes are not orthogonal. To
solve the initial value problem in the case of arbitrary gradient beam profile, approaches
other than direct mode expansion must be used. The first step in this direction was taken
by Kim [10], who has applied a method of solution, originally introduced by van Kam-
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pen [11]. A Laplace transform method was employed by Krinsky and Yu [12], leading to
a Green’s function. This Green’s function can still be expanded in terms of orthonormal
eigenfunctions of the associated two-dimension Schrodinger equation with non-self-adjoint
Hamiltonian. In the high-gain limit, the asymptotic representation of the Green’s function
is found to be dominated by the contribution of the guided modes. The eigenvalue prob-
lem for the case of an arbitrary gradient axisymmetric profile is solved by means of the
multilayer approximation method [13]. Based on these solutions, complete information
on the eigenfunctions and eigenvalues can be extracted, and used, for calculations of the
output radiation field. General solution for Green’s function [12] gives us input coupling
factors A;.

In this paper we present a systematic approach for calculations of the average radiation
power, radiation spectrum envelope, and angular distribution of the radiation intensity
in the far zone, and degree of transverse coherence. These analytical results serve as a
primary standard for testing the codes. Numerical simulations have been performed with
3-D time-dependent code FAST [3]. Comparison with analytical results shows that in the
high-gain linear limit there is a good agreement between the numerical and analytical
results.

2. Analytical Description of the Steady-State Linear Regime

Let us consider electron beam moving along the z axis in the field of a helical undu-
lator. The magnetic field of the undulator may be written in the complex form: H, =
Hy cos(kyz), Hy, = —Hy sin(kyz). We neglect the transverse variation of the undulator
field and assume the electrons move along constrained helical trajectories in parallel with
the z axis. The electron rotation angle is considered to be small and the longitudinal
electron velocity v, is close to the velocity of light ¢. Let us consider a axisymmetric elec-
tron beam with gradient profile of the current density. The general form of the transverse
distribution of the beam current density of axisymmetric electron beam (in cylindrical
coordinates (r,p, z)) is

o0

Go(r) = ToS(r /o) [% / rS(r/ro)dr] , 2)

0

where rg is the beam profile parameter (typical transverse size of the beam) and I is the
beam current. To be specific, we set S(0) =1 .

We describe the electron motion using energy-phase variables P = & — & and ¢ =
kwz 4+ w(z/c — 1), where & is the kinetic energy of the electron, & is the nominal energy.
The evolution of the distribution function of the electron beam is governed by the Vlasov
equation. We solve this equation using the perturbation method, so the beam current
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density is given by:

n—I—oo

—in +iy
:—]0 —|— Z ]1 é +C.C.,

n=—0oo

At a sufficient distance from the undulator entrance the output radiation can be pre-
sented as a superposition of the ”self-reproducing” field configurations. It is reasonable to
represent [ as a Fourier series in the angle ¢:

n=+4oco )
(z,7,0) Z B e’ ,
and write £ in dimensionless form
)(2,7) ZA 1®,;(#) exp(A2) . (3)

In this paper we consider the specific, but important practical case of the following initial
conditions: - the electron beam is modulated only in density at the undulator entrance;
- the field amplitude of the electromagnetic wave F takes the value E|z o = 0 at the

undulator entrance. The input coupling factors A;n) are given by the expression [10,12]:

(n)

where u;" can be written in the following form:

o0

. o ~1
B[ )iai- (Q) [ @ms@iar|
dp p:/\gn) 0

0

Here the following notation is introduced: C' = ky, — w/(2¢y?) is the detuning of the
electron with the nominal energy &,

0 = eHy/(Eokw) = K/v , 7;2 = 7_2 + (952, v = 50/(m602) ,

2=Tz, f=r/ro,C =C/Iis the detuning parameter, B = r2l'w/c,

2
_171/2

M= | foute? (21Ac27§7 / <S<<>d<)
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Ix >~ 17 kA is the Alfven current. The complex amplitudes E™ and E™ are connected by
the relation K = B0 [Ey . By = p&T/(ed,), p = cy*T'/w . The complex amplitude
(n)

of the first harmonic of the beam current density E{n) is connected with a;’ by the relation
V) = IR o) L agd(h) = a2, )

For a Gaussian energy spread in the electron beam

z2=0 -

P~ €)= (2n((AE)2) M exp (—%) |

the functions ﬁ(p) and bo(p) are given by

(3)27C36WP4%7%%wHOHd@

where A% = ((A€)%)/(5*€2)

An important characteristic of the FEL amplifier is the output power. In the paraxial
approximation the power of the radiation with azimuthal index n, can be written in the
following normalized form:

R W T BT .
W = [1EOPrar = 7 [ 1B,
0 0

o -1
DA oA

= = W P L/<S<<>d<] L@
where W), = Elo/ e is the electron beam power. Thus, the exact solution of the initial-value
problem for FEL amplifier with arbitrary gradient profile has been derived. As a result,
if we have information on the eigenfunctions and eigenvalues, we are able to calculate
radiation properties of the FEL amplifier which operates in high gain linear regime. The
eigenvalue problem for the case of an arbitrary gradient axisymmetric profile is solved by
means of the multilayer approximation method (see [13,14] for more details).

3. Start-up from Shot Noise

We start with the calculation of the average radiation power at the undulator exit.
Under the accepted limitations we obtain that the contribution of the radiation with
azimuthal index n to the total radiation power can be written in the following form

[10,12]:

1 B 7 A n )N * n n)\%1 A
(W) = — /dc{zui )" exp { A + ()12}
C—oo k7j
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x/@nk(mq);j(f)sw)fdf/cpnk(f)@;j(f)fdf} : (5)

where N, = N\ /(2mp), N = 2w ly/(ewp). The averaging symbol (- - -) means the ensemble
average over bunches.

At a sufficiently large undulator length the spectrum of the SASE radiation is concen-
trated within the narrow band near the resonance frequency wg. Therefore, the electric
field of the wave can be presented as

iwo(z/c—t)

E,+iB,=EF.,zt) ¢ +C.C.,

where E is the slowly varying complex amplitude. Taking into account Parseval’s theorem,
and using the notation p'= 7, —# and R = (¥, +7)/2, we can write the average angular
spectrum in the form:

1 — g —
ks 2) = o [ ) expl=iRa

where we introduce the definition of effective transverse correlation function:

o JCE(R + 72,2, E(F = ji[2, 2, 1)) d
(

Let us consider a axisymmetric electron beam. Using cylindrical coordinates we rep-
resent output power as a Fourier series in the azimuthal angle. In this case the angular
spectrum can be written in the following dimensionless form:
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4. Comparison of analytical and simulation results

One can easily obtain that identical physical approximations have been used for ana-
lytical description of the high-gain linear regime and for numerical simulation algorithm.
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Fig. 1. Averaged power versus undulator length for the FEL amplifier starting from shot noise. Here B = 1, A}% — 0,

A2T =0, and N. = 7 x 107. Solid curve represents analytical results calculated with (5) for nine beam radiation modes (m,n
= 0, 1, 2). The circles are the results obtained with linear simulation code FAST
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Fig. 2. Partial contributions to the total power (see 1) of three azimuthal modes with m = 0, 1, and 2. Here B = 1, Ag — 0,

A2T =0, and N. = 7 x 107. Solid curves represent analytical results calculated with (5) for sum of three radial modes (n =
0, 1, 2). The circles are the results obtained with linear simulation code FAST
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Fig. 3. Averaged angular distribution of the radiation intensity in the far zone for the FEL amplifier starting from shot
noise. Here B = 1, A2 — 0, and A2T = 0. Solid curves are the results of analytical calculations with (6), and the circles
are the results obtained with linear simulation code FAST. Dashed line represents angular distribution of the fundamental
TEMgpo mode for maximum growth rate calculated in the framework of the steady-state theory
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Fig. 4. Averaged spectrum of the radiation from the FEL amplifier starting from shot noise at the undulator length 2 = 15.
Here B =1, Ag — 0, A2T =0, and N. = 7 x 107. Solid curve represents analytical results calculated with (5) for nine beam
radiation modes (m,n = 0, 1, 2). The circles are the results obtained with linear simulation code FAST

So, we should expect full agreement of the results in the high-gain linear regime. In other
words, analytical results should serve as a primary standard for testing numerical simu-
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lation code. Figure 1 shows the evolution of the total radiation power from SASE FEL
versus the undulator length. Simulation results have been obtained by means of averaging
of the radiation power along the bunch. It is seen that analytical and simulation results
agree well at 2 > 7. Another interesting topic is partial contribution of different beam
radiation modes into the total radiation power (see Fig 2). It is seen that both numerical
and analytical results agree well at an increase of the undulator length. One can obtain
that numerical simulations always give the value of the radiation power higher than an-
alytical results. The reason is that the numerical simulation code calculates total gain,
while the analytical formulae describe only the high-gain asymptote.

Analytical predictions for the averaged angular distribution of the radiation power are
given by (6). Similar characteristic can be also calculated with numerical simulation code.
Numerical simulation code produces an array containing values for the radiation field
in the near zone. Using the values for the radiation field in the near zone, we find the
radiation field propagating at any angle in the far diffraction zone. It is seen from Fig. 3
that both approaches agree well in the high-gain linear regime. It is important to stress
that even after finishing the transverse mode selection process (which takes place after
z 2 10 for the considered numerical example) the distribution in the far zone differs visibly
from the angular distribution of the fundamental TEMy, mode for maximum growth rate
calculated in the framework of the steady-state theory (dotted line in Fig. 3). Analytical
results give predictions for the averaged radiation spectrum (see (5)). To obtain averaged
spectrum from numerical simulation code, we performed large number of statistically
independent simulation runs. Average of a large number of radiation spectra is presented
in Fig. 4. It is seen that the analytical and simulation results for the averaged radiation
spectrum agree well in the high-gain linear regime.

5. Transverse coherence

In the case of axisymmetric electron beam the radiation field statistically isotropic.
For such a field the effective correlation function depends only on the modulus |p] and
the angular spectrum depends on the modulus |EL| It is natural to define the area of
coherence in this case as:

rity=2m [ i, 2)
0

where p = |p]/ro. To describe the formation of the transverse coherence, we should define
the degree of coherence. One possible definition can be made as follows. After statistical
analysis of the numerical results we find 7.,,. Then we find the radius of coherence 7.«
for the fully coherent radiation which is represented by the fundamental ®go(7) mode for
maximum growth rate. The field distribution of this mode for Gaussian density distribu-
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Fig. 5. Degree of transverse coherence of the radiation from the FEL amplifier versus the undulator length. Solid curve
represents analytical results, and the circles are the results obtained with linear simulation code FAST. Here B = 1, Ag — 0,

A% =0,and N =7 x 107

1/

Nz

Fig. 6. Inverse value of transverse coherence versus undulator length. Here B = 1, Ag — 0, A2T =0,and N. = 7 x 107.
Calculations have been performed with linear simulation code FAST. Curve 1 is calculated using instantaneous fluctuations
of the radiation power. Curve 2 is calculated using angular distribution of the radiation power in far zone.

tion in the electron beam can be found by the multilayer approximation method described
in section 2.2. The degree of coherence, (, may be defined as ( = 72, /72, . Using angular

distributions of the radiation field in the far diffraction zone we can trace the dependence
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of the degree of transverse coherence versus undulator length. Solid line in Fig. 5 is the
results of analytical calculations, and the circles are the results obtained with numerical
simulation code. We can state that there is good agreement between analytical and simu-
lation results. It is clearly seen that the degree of coherence differs visibly from the unity
in the high-gain linear regime, ¢ ~ 0.9 at 2 = 15.

Another possible way to define the degree of coherence is based on the statistical anal-
ysis of fluctuations of the instantaneous power. Since in the linear regime we deal with a
Gaussian random process, the power density at fixed point in space fluctuates in accor-
dance with the negative exponential distribution [14]. If there is full transverse coherence
then the same refers to the instantaneous power W equal to the power density integrated
over cross section of the radiation pulse. If the radiation is partially coherent, then we have
a more general law for instantaneous power fluctuations, namely the gamma distribution

[14,15):

)= 37 (%)M_l e (‘M%) ’ )

where ['(M) is the gamma function and M = (W)?/{((W — (W))?) . The parameter M of
this distribution can be considered as the number of transverse modes. Then the degree
of coherence in the linear regime, may be defined as follows ( = 1/M . The value of M
should be calculated with numerical simulation code producing time-dependent results
for the radiation power. In Fig. 6 we present the dependence of the number of transverse
modes on the undulator length for the specific value B =1 of the diffraction parameter.
It is seen that both definitions for the degree for the transverse coherence are consistent
in the high-gain linear regime.

Let us discuss asymptotical behaviour of the degree of transverse coherence. At a large
value of the undulator length it approaches to unity asymptotically as (1 — () « 1/z,
but not exponentially, as one can expect from simple physical assumption that transverse
coherence establishes due to the transverse mode selection. That is why the degree of
coherence grows quickly at an early stage of amplification. Starting from some undulator
length the contribution to the total power of the fundamental mode becomes to be dom-
inant (see Fig. 2). However, one should take into account that the spectrum width has
always finite value (see Fig. 4). Actually this means that in the high gain linear regime the
radiation of the SASE FEL is formed by many fundamental TEMgy modes with different
frequencies. The transverse distribution of the radiation field of the mode is also differ-
ent for different frequencies. As a result of interference of these modes we do not have
full transverse coherence. Taking into account this consideration, we can simply explain
asymptotical behaviour of the degree of transverse coherence — this is reflection of the
slow evolution of the width of the radiation spectrum as z~/? with the undulator length.
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All the results presented above have been obtained in the framework of the linear
theory. Simulations with nonlinear code shows that for the considered numerical example
the saturation occurs at Z ~ 18. Using the plot presented in Fig. 5 we find that the value
of the transverse coherence is less than 0.9 in the end of the linear regime. A typical range
of the values of N, is 10°-10° for the SASE FEL of wavelength range from X-ray up to
infrared. The numerical example presented in this paper is calculated for N. = 7 x 107
which is typical for a VUV FEL. It is worth to mention that the dependence of the
saturation length of the SASE FEL on the value of NV, is rather weak, in fact logarithmic
(see (5)). Therefore, we can state that obtained effect limiting the value of transverse
coherence might be important for practical SASE FELs.
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Abstract

The exact solution of the eigenvalue equation for a high-gain FEL derived in [1] is generalized in order
to include the space charge effects. This solution is valid not only for weak focusing (natural undulator
focusing) but also for alternating-gradient focusing under some condition that is presented. At such,
the obtained solution includes all the important effects in the system of axially homogeneous electron
beam and undulator: diffraction, betatron motion, energy spread, space charge and frequency detuning.
It is valid for ground TEMyg mode as well as for high-order modes and can be used for calculation
of high-gain FEL amplifiers operating in the wavelength regions from far infrared down to X-ray. In
addition, a computationally efficient approximate solution for TEMgy mode is derived providing high
accuracy (better than 1% in the whole range of parameters). It can be used for quick optimization of
FEL amplifiers.

1. Introduction

The solution of an eigenvalue problem is the first and very important step in the design
and optimization of a high-gain FEL. The first solution of the eigenvalue problem was
obtained in [2] in the frame of one-dimensional model taking into account space charge,
energy spread, and frequency detuning. Diffraction effects for a parallel electron beam (no
betatron oscillations) were considered in [3] and [4] neglecting space charge and energy
spread. In [3] the asymptotical solutions for weak and strong diffraction regimes were
obtained, and in [4] the exact solution was derived for the first time for a stepped transverse
profile of the axisymmetric electron beam. In the proceeding papers [5,6] the eigenvalue
problem for the model of parallel electron beam, including diffraction of radiation, was
studied extensively in order to include different transverse profiles of the electron beam,
high-order modes of the radiation, energy spread and space charge effects.
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A more difficult task was the eigenvalue problem that includes diffraction of radia-
tion and a transverse motion of electrons (betatron oscillations). The integro-differential
equation, taking into account both these effects as well as frequency detuning and energy
spread, was derived in [7,8]. Different methods to find an approximate solution of the
eigenvalue problem were used in [1,9-11] for different phase space distributions of the
electron beam. The exact solution (in a sense that it can be evaluated numerically with
any desirable accuracy) for all the eigenmodes was obtained in [1].

In this paper we generalize the exact solution derived in [1] in order to include the space
charge effect. Although this effect is negligible in X-ray wavelength range [12-14], it can
be important for infrared [15-17], visible and ultraviolet [18,19] high-gain FELs. Thus, our
solution is a universal tool for calculation and optimization of high-gain FELs. Indeed,
it includes all the important effects in a system of axially homogeneous electron beam
and undulator: diffraction, betatron motion, energy spread, space charge and frequency
detuning.! In addition, we derive here an approximate solution for the ground TEMq
mode. The numerical algorithm for finding this solution is very fast and accurate, so it
can be used for quick optimization of high-gain FELs.

It is worth noticing that the authors of [1,8-11] assumed natural undulator focusing.
Actually, the validity region of the obtained results (including the results of this paper)
is wider: they can also be used in the case of an alternating-gradient external focusing. In
this case the following condition should be satisfied [20]:

Ly < 1, A
—— << min |1, —
23 2me )
where L is a period of the external focusing structure, 3 is an average beta-function, ¢

is rms emittance of an electron beam, and X is a radiation wavelength. This condition is
met in many practical situations.

2. Basic equation

Let us have at the undulator entrance a continuous electron beam with the current Iy,
with the Gaussian distribution in energy

F(E— &)= (27T<(A5)2>)_1/26Xp( (f(A;JE;) , (1)

1 We do not touch here the eigenvalue problem for a waveguide FEL where an additional parameter appears [21].
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and in a transverse phase plane

x? + (:z;’)Q/kf;] |

202

flz,2") = 2moks) " exp l (2)

the same in y phase plane. Here ks = 1/ is the wavenumber of betatron oscillations and
o =/¢p.

Using cylindrical coordinates, in the high-gain limit we seek the solution for a slowly
varying complex amplitude of the electric field of the electromagnetic wave in the form

[21]:

~ B sin(ne)

Blevr) = () esp(s) (7)) 3
where n is an integer, n > 0. For each n there are many radial eigenmodes that differ
by eigenvalue A and eigenfunction ®,(r). The integro-differential equation for radiation
field eigenmodes [1,8] taking into account the space charge effect [21] can be written in
the following normalized form:

2 1 2 .
[ddﬁ f%—;‘? ; ]cb f:_4/df’f’{<1> ()

A2 d? 1 d n?
2 1dr? A 2

+21BA]<I> (7 )}

[ AC g
><O/d sin? kg( Xp[_ 2 —(/\—|-1C)§]

e | 0= i BE2C/2)(72 + 7]
P sin? kﬁo |
[ (1 — i BE2C/2)# cos(ksC) | n
sin® (ks() ’

where [, is the modified Bessel function of the first kind. The following notations are
used here: # = r/(0\/2), B = 202Tw/c is the diffraction parameter, ks = kg /T is the
betatron motion parameter, A2 = 2¢*(Ajs0s0w)™2 is the space charge parameter, Az =

((AE)")/(p*E?) is the energy spread parameter, (' = [ky — w/(2¢72)] /T is the detuning
_111/2

parameter, I' = {Aﬁjlowzesz (Iac?*y2y) 1} / is the gain parameter, p = ¢y?I'/w is the

efficiency parameter, w is the frequency of the electromagnetic wave, s = Kyns/7v, Kims 18

the rms undulator parameter, v is relativistic factor, v72 = 472 + 02, k,, is the undulator
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wavenumber, 5, = 17 kA is the Alfven current, Ay; = 1 for helical undulator and Aj; =
Jo(K2,./2(1 + K2 ) — Ji(K2,./2(1 + K2.,)) for planar undulator. Here .Jy and .J; are
the Bessel functions of the first kind. The space charge effect is included into (4) under
the condition o2 > c*v2/w?.

3. Exact solution

As suggested in [1] we apply to (4) the Hankel transformation defined by the following
transform pair:

bulp) = [ AFFLu(pi)OuF) . OulF) = [ dpplulpP)®ap)
0 0
Then we obtain the integral equation for the Hankel transform @,,(p):

I+

2

1 7 _ AZ(ZiBA—p’z)
w(p)=————— [ dpP' 0. (p' L
(») 2iBA—p2O/ PP eu(p)

I ¢ N
xo/dﬁ(l_iB%(/Q)zexp[ , (A+1(J)§]

2 .2
X exp |— P —I_}? I
4(1 — ingﬁ/Q)

(5)

pp’ cos(ks()
21 —iBE3(/2) |

When the space charge field is negligible, A?, — 0, this equation is reduced to one obtained
in [1].
To solve (5) we discretize it:

1
pZ:A(z—§), 1=1,2,... K,
/ -1 . -
pj:A(]—§), =12 .. K,

where A and K should be chosen in such a way that the required accuracy is provided.
Then we obtain a matrix equation

O, (i) = M,(1,7)®,(j) ,

or, [M,, — I]®, = 0, where [ is a unit matrix. Matrix M, depends on an eigenvalue A as
well as on the problem parameters: B, kg, A%, Ag, and C'. The eigenvalues of all radial

112



0.20

0.15]

< ,
010
oc ﬁ

0.05|

0.00—
00 05 1.0 1.5 20 25

A

C

Fig. 1. Reduced growth rate of TEMgp mode versus detuning parameter. Here B = 1, 1;5 =1, [Xg = 0.5, and A2T =0.2
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Fig. 2. Reduced growth rate of TEMgo mode at the optimal detuning versus betatron motion parameter. Here B = 0.1 and
A}% — 0. Curve (1): A2T =0, Curve (2): A2T = 0.1, Curve (3): A2T = 0.2. Curves are the results of approximate solution and
circles are the results of exact solution

modes for a given azimuthal index n can be found by solving the equation |M,, — I| = 0.
Then the calculation of the eigenmodes is straightforward.
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Fig. 3. Reduced growth rate of TEMgg mode at the optimal detuning versus betatron motion parameter. Here B = 1 and

[Xg — 0. Curve (1): A2T =0, Curve (2): A2T = 0.1, Curve (3): A2T = 0.2. Curves are the results of approximate solution and
circles are the results of exact solution

This algorithm allows one to find with any desirable accuracy the eigenvalues and
eigenfunctions of a high-gain FEL including all the important effects: diffraction, betatron
motion, energy spread, space charge, and frequency detuning (see Fig. 1 as an example).
Therefore, it can be considered as a universal tool for calculation and optimization of
FEL amplifiers of wavelength range from infrared down to X-ray. The only disadvantage
is that the algorithm becomes time-consuming when one needs a reasonable accuracy of
calculations.

4. Approximate solution for TEMy; mode

For quick optimization of high-gain FELs one needs fast and, at the same time, pretty
accurate procedure for the determination of eigenvalues. Usually the eigenvalue of ground
TEMgg mode is the subject of optimization because FELs are designed in such a way
that only this mode survives in the end of amplification process. Thus, we will look for
an approximate solution only for the ground mode. Different approaches for obtaining
approximate solutions have been developed [1,9,10]. We consider here the one described
in [1] and then we introduce the new method allowing us to improve the accuracy of the
solution.

As it has been done in [1], we construct a variational functional from (4), use a trial
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Fig. 4. Reduced growth rate of TEMyp mode at the optimal detuning versus betatron motion parameter. Here B = 10 and

[Xg — 0. Curve (1): A2T =0, Curve (2): A2T = 0.1, Curve (3): A2T = 0.2. Curves are the results of approximate solution and
circles are the results of exact solution

function in the form
Oo(r) = exp(—afz) , (6)

and apply the variational condition, 5A/5a = 0. As a result, we obtain two equations for
two unknown quantities, A and a:

iBA 701 P [—A3¢?/2 — (A+i )]

L J 70 =0 ")
iBA T AQexp =32 - (A+i0)]
— 4 fac F0 —0, (8)

where
Fi(¢) =1 =i BEA(/2 + asin®(ks()
F£2Q) = (1 =i BE3(/2)* + 2a(1 — i BRE(/2) + o sin® (ks() .

These equations are obtained under the condition A?, — 0. The solution of the system
of equations (7) and (8) is accurate at large values of the diffraction parameter, B > 1,
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when the radiation field is concentrated inside the electron beam and is well described
by function (6). On the other hand, it becomes highly inaccurate at small values of B.
For instance, in the limit of parallel beam, kﬁ =0, neghglble energy spread, AT =0, and
small diffraction parameter, B — 0, we get max(Re A) — /2 (at the optimal detuning
C’) instead of the well-known logarithmic asymptote [3,4]. In this limit the mode size is
much larger than the electron beam size and the actual behaviour of the field at large
is @o(7) o< exp(—g7) [21] rather than (6).

In order to improve the accuracy of the solution in the whole range of parameters we
propose to find the second approximation to the eigenvalue and the eigenfunction in the
following way. We modify the r.h.s. of (4) assuming the function ®4(#) to be of the form
(6) with the definite value of the parameter « that is already found by solving the system
of equations (7) and (8). As a result, we approximate the integro-differential equation (4)
by a differential equation (the space charge effect is again neglected here):

> 1d _
)] et -0, )
where
f\z 2 ) )
(2 (F) =—g° + 2exp(— /dCCf1 (¢)exp [— T; —(A+i0)C]

X exp (10)

i BE3¢/2(1 —i BE2¢/2) + a(1 4 a) sin (kﬁC)
(<) ’

and ¢* = —2i BA. In the limit of parallel beam, 1%5 — 0, equation (9) is reduced to the
well-known one [21].

New approximations to the eigenvalue A and the eigenfunction ®y(7) should be deter-
mined from (9). To do this we use the multilayer approximation method [6,21] that allows
us to solve the equation (9) for an arbitrary function pu(#). We cut out the density distri-
bution exp(—7?), entering p*(7), at some point # = 7, so that pu? = —g? for # > 7,. We
divide the region 0 < 7 < 7y, into K layers. The function u(r) is assumed to be constant
within each layer. The solution for the eigenfunction within each layer is

(I)( = = A JO(MJ )"’ D; NO(MJ ) )

where (7 —1)/K <7 < ji,/K , A; and D; are constants, p; = p(7j_1/2) and 7j_1/5 =
(7 — 1/2)/K, Jo and Ny are the Bessel functions of the first and of the second kind,
respectively. To avoid a singularity of the eigenfunction at 7 = 0, we should let Dy = 0.
All the other coefficients are obtained from the continuity conditions for the eigenfunction
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and its derivative at the boundaries between the layers. These equations can be written

in the matrix form:
A A
( f“):Tj( f), j=1,2 ..., K—-1, (11)
Dij D

where the coefficients T are given by (7; = .7/ K):

(L)1 = (7 /2)7; [ J1 (p75 ) No(ptj4175)
= irrJo(pi ) Ni(pja?y)]
(T5)12 = (7 /2)7; [ N1 (g7 ) No(ptj4175)
= i+ No(pi7 ) Nipja ?y)]
(T2 =—(m/2)F; [pe; T (i75) ot 7)
— w1 Jolp;7y) Ji(pja )]
(T5)22=—(m/2)7; [p1; N1(pe75) Jo(pj4175)
= pir No(p7y) Ji(pja?)] (12)
The solution for the eigenfunction outside the beam, 7 > 7, satisfying the condition of
quadratic integrability is

q)o(f) = Fll(o(gf) 5 Reg > 0 5

where Ky is the modified Bessel function of the second order. At the beam boundary, at
I = 7, the continuity condition gives the following relations:

A](Jo(/l](fb) + DI&'NO(MI&'fb) = FII(O(gfb) ’
/,LKAKJ1 (ij'fb) + /uLIx"DKNl (/leb) = gFll(l (gfb) ’

which can also be written in the matrix form:

Ty (gj) = G) . (13)

The coefficient Fy can be expressed in terms of the coefficient A; by multiple use of (11).
The coefficient A; may be chosen arbitrarily, so without loss of generality we let A; = 1.
Then we can write the following matrix equation:

1 1 1
T{ T(_ e T — T — F 5 14
K X Tr_1 % X 1(0) (0) 1(1) (14)

where the matrix T" depends on the unknown quantity A. Another unknown quantity in
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(14) is the coefficient Fy, which can be easily excluded. Thus, we obtain the eigenvalue
equation

(T = (T)ar (15)

which allows one to find the eigenvalue A. The eigenfunction is calculated using (11) and
(13).

The accuracy of this algorithm was tested by comparison with the exact solution de-
scribed above. For any set of parameters chosen the accuracy was better than 1%. This can
be explained as follows. As we have already mentioned, at large values of the diffraction
parameter B the eigenfunction is correctly described by (6) and the variational method
gives accurate result. The second approximation (solution of the differential equation (9))
almost does not differ from the variational solution. In the opposite limit, B — 0, the
variational method gives a wrong shape of the eigenfunction. Nevertheless, this does not
matter for our solution because in this limit the field is much wider than the electron
beam and, therefore, is almost constant within the beam. In other words, in this limit
the source term (r.h.s. of equation (4)) is independent of the first approximation to ®o(7)
obtained from variational method. Then, solving (9) one gets accurate eigenfunction and
eigenvalue. Thus, our solution has correct behaviour in both limits of weak and strong
diffraction. In addition, it is always correct in the limit of parallel beam. In fact, the ap-
proximate solution presented here fits very well the exact solution in the whole region of
parameters. At the same time, the numerical algorithm to find the approximate solution
is much faster than in case of the exact solution. In Figs. 2-4 we present some results of
the eigenvalue calculation obtained with both methods.

References

[1] M. Xie, Nucl. Instrum. and Methods A445(2000)59

[2] N.M. Kroll and W.A. McMullin, Phys. Rev. A17(1978)300

[3] A.M. Kondratenko and E.L. Saldin, Part. Acc. 10(1980)207

[4] G.T. Moore, Opt. Comm. 52(1984)46

[5] M. Xie and D. Deacon, Nucl. Instrum. and Methods A250(1986)426

[6] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Opt. Commun. 97(1993)272
[7] K.J. Kim, Phys. Rev. Lett. 57(1986)1871

[8] L.H. Yu and S. Krinsky, Physics Lett. A129(1988)463

[9] L.H. Yu, S. Krinsky and R.L. Gluckstern, Phys. Rev. Lett. 64(1990)3011

[10] Y.H. Chin, K.J. Kim and M. Xie, Nucl. Instrum. and Methods A318(1992)481

[11] M. Xie, Nucl. Instrum. and Methods A445(2000)67

118



(12]

J. Rossbach, Nucl. Instrum. and Methods A375(1996)269

“Conceptual Design of a 500 GeV e+e— Linear Collider with Integrated X-ray Laser Facility” (Editors R.Brinkmann,
G. Materlik, J. Rossbach, A. Wagner), DESY 97-048, Hamburg, 1997.

“Linac Coherent Light Source Design Study Report”, SLAC-R-521, Stanford, 1998

M. Hogan et al., Phys. Rev. Lett. 81(1998)4867

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Nucl. Instrum. and Methods A429(1999)197

E.L. Saldin et al., “Photon Linear Colliders of TeV Energy Range”, preprint JINR E-9-94-74, Dubna, 1994
B. Faatz et al., preprint DESY-00-095, Hamburg, 2000

C. Pagani et al., Nucl. Instrum. and Methods A423(1999)190

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, “The General Solution of the Eigenvalue Problem for a High-Gain
FEL Including Alternating-Gradient Focusing”, to be published

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, “The Physics of Free Electron Lasers”, Springer, Berlin, 1999

119



First Results of the High Resolution Wire Scanners for Beam
Profile and absolute Beam Position Measurement at the TTF

G. Schmidt, U. Hahn, M. Meschkat, F. Ridoutt

Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22603 Hamburg, Germany

Abstract

Inthe TESLA Test Facility (TTF), wire scanners are used to measure the el ectron beam
profile and position. Especially the intended use of the wire scannersto centre the electron
beam in the Free Electron Laser (FEL) undulator needs a precise alignment of the wire
scannersin respect to the undulator axis.

The wire scanners should define areference axis with respect to the externa reference system
of the undulator with an accuracy better than 30 um.

The wire scanners allow a beam profile measurement which will be used to optimise and
match the beam optics for the undulator. Firgt experimental results of beam position and

profile will be presented and discussed.

1. INTRODUCTION

The undulator at the TTF-FEL consists of three undulator modul es.

The narrow space between and at both ends of the undulator modules is used for diagnostic.
Two types of monitors areincluded in a so-called diagnostic block.

RF type cavity monitors for horizonta and vertical beam position measurement and vertical
and horizonta wire scanners alow to measure the beam profile and position [1].

The beam position can be measured with respect to externa reference marks so that the
position of the beam before, after and in between the undulator segments at several fix points
is known.

Figure 1 shows a photograph of the diagnostic block between two undulator sections.

The principle set-up of the wire scannersis sketched in figure 2. Each wire scanner fork (wire
holder) is equipped with 3 wires. One tungsten wire of a diameter of 20 um, and two carbon
wires of adiameter of 5 um. Thisalowsto select the wire asafunction of beam size, beam
intensity and required resolution. Electrons hitting awire produce scattered el ectrons, which

are detected by scintillation counters.
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Behind each pair of wire scanners, ascintillation counter isingalled covering nearly 360°

around the beam tube [2].

The main difficulties that had to be overcome were:

» Thecleaning and assembly of the complicated diagnogtic block. Together with the
attached components like rf Feedthroughs, the assembly had to take place under clean
room conditions according to TTF specifications (clean room better than class 100) [3].

» Thealignment and stretching of wires. The tightening of the wires in the fork is very
critical. It isdifficult to stretch the wires to a straight line and
fix them. After ingtallation the wires have to passthe narrow rf shielding dit (width 1.5
mm) in the diagnostic block during the scan of the beam profile. Thealignment is
extremely crucia since amall deviations from the centre of the dit cause the damage of all
wires.

e Thecalibration of the wire scanner in the diagnostic block. The goal of this caibration is
to measure the position of the wires with respect to the reference planes of the diagnostic
block smaller than 30 um in both planes. This calibration was done using a vertical
coordinate measuring machine (CMM). A local clean room was installed in front of the
machine. The diagnostic block was under clean room conditions during the entire
calibration measurement. To measure the wire position a microscope was mounted to the
CMM. It allowed to see the thin wires and to measure the distance of the wiresto the
reference planes. Reproducibility was achieved by a linear encoder connected to the linear
driving system of the wire scanner.

2. RESULTS

Figure 3 presentstheresults of all eight wire scanner measurements recorded during FEL

operation of the TTF linac. The eectron beam profile measurements were done with the 20

pum thick tungsten wire. The tungsten wire was chosen to get sufficient intensity on the

scintillation counter.

The signal from the carbon wires wasto small to be detected. By reducing the background

(less beam loss before and ind de the undulator area) and reducing the el ectron beam spot size,

the signal-to-noise ratio can be improved.

The measured profiles indicate that the beam offset along the entire undulator stays below 300
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pUm during SASE operation.
The spot size is somewhat larger than expected. Measurements have shown that a part of

the spot size is generated by dispersion.

Each undulator has a superimposed FODO structure of 10 quadrupoles per undulator [4]
In addition to the wire scanners ten beam position monitors (BPM), which allow the measurement of

the beam position inside the quadrupoles, areinstalled along the undulator chamber [5].

Figure 4 gives a comparison between the beam position measured by the wire scanners and
the BPMs inside thefirst two undulators. It is clear that the BPMs show some random
position deviations due to the fact that they had not been calibrated. Thefit of a betatron
motion to both, the 20 BPMs and the four wire scanner readings, resultsin a similar betatron
amplitude and phase of the beam motion.

The measurement of a difference orbit, implemented by a kick before the undulator, alowsto
verify the beam optics inside the undulator by comparison of the expected and measured
betatron motion.

Figure 5 shows the good agreement of the measured and cal culated difference orbits.

The betatron motion is just fitted in amplitude and phase to the measured difference orbit.
Both measurements (wire scanner and BPMS) result in the same difference orbit. The

agreement with the calculated betatron motion is very good (C50 pum).

3 CONCLUSION
The eight wire scanner allow to measure the beam profile and the beam position with high

reproducibility and accuracy (better than 30 um). Good agreement between the calculated and
measured phase advance inside the undulator was observed. The position measurements of the

wire scanners are in good agreement with the 20 distributed BPMs.
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Fig.1: Diagnostic block between two undulator sections.

123



SEM current T

Scattering

Bremsstrahlung

Shower

Fig.2: Possihilitiesto detect the wire scanner sgnals

124



Filename h1_000808_1455 Filename v1_000808_1459

| c_enter [mm] Boé%%?%  PM 1 . A c_enter [mm] (())33?504  PM 1
3 0 sigma [mm] 0. PM 2 E sigma [mm] 0. PM 2
< 02f 2 08 —~— PM 3
3 g —— PM 4
S 01 S 04
g 0.05¢ g 0.2
o : o )
£ o, £ : mﬁh %
-0.05 ' . ' -0.2 . ' . : :
- -1 0 1 -2 -1 0 1 2
wire position/mm wire position/mm
Filename h2_000808_1504 0FiI»ename v2_000808_1524
cgnter [mm] -0.024367 S PM 1 ’ cgnter [mm] 0.27566 S PM 1
] 0.10601 %) 0.13612
E sigma [mm] 0. PM 2 306l sigma [mm] 0. PM 2
> 17 —— PM 3 2
5 —— PM4 5
= PM 5 = 04}
So05¢ E
5 §0.2
5] 5]
< <
2 g o ol
-15 -1 -0.5 0 0.5 1 -15 -1 -0.5 0 0.5 1
wire position/mm wire position/mm
Oléi[ename h3_000808_1457 Filename v3_000808_1529
' center [mm] —0.11567  PM1 c_enter [mm] 0.28828 S PM1
%) \ © 0.5 sigma [mm] 0.086933
£ 015 ERRe I : PM 2
2 2 04f —— PM 3
g 01 3 o3l — PM4
= s - PM 5
] L S 0.2t
g 0.05 g
= = 0.41f
2 o0 2
Q. QO xeesteettesd SLURETEELEEH
-0.05 : . : : -0.1 : . : :
-1 -0.5 0 0.5 1 -2 -1 0 1 2
wire position/mm wire position/mm
0 oléi[ename h4_000808_1506 0 Oléi[ename v4_000808_1513
' c_enter [mm] 0.40} S PM 1 ' c_enter [mm] 0.24844 S PM 1
*g 0.015F sigma [mm] 0.0§306 PM 2 *g sigma [mm)] 0[088253 PM 2
> > L
< o001} < 004 || T PMs3
oy 2
£ 0.005} g 0.02
2 20
2 4 2
g b 5
S —0.005 * S ok
-0.01 o ; 2 3
wire position/mm wire position/mm

Fig . 3: Measurement of beam profiles using the wire scanner.



Horizontal arbit measured by Wire Scanner and 20 BFMs
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Fig.4: BPM and Wire Scanner Measurement
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Fig.5: Difference orbit by implementing a kick to the beam before it enters the undulator
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Dark current at TTFL rf-gun
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During the last run, dark current measurements have been routinely done at TTFL rf-gun. Effects on beam

performance and linac operation are presented.

1. Introduction

The TESLA Test Facility Linac (TTFL)[1] uses
an RF photoinjector and a superconducting linac
to accelerate electrons for the TTF free elec-
tron laser (TTF-FEL)[2]. The photoinjector is
based on an RF gun operated at 35 MV/m,
100 ws rf flat top pulse length. The electron
source is a CssTe photocathodes illuminated by
UV laser light. The 4*® harmonic (A= 262 nm)
of a Nd:YLF laser[3]is used. Usually a train of
bunches, with bunch charge between 1 nC and
8 nC, is generated. The bunch spacing in the
train is 1 ps. Dark current is produced along the
rf pulse. A possible source of dark current are
tips or needles on surfaces exposed to high elec-
tric field. The current density due to this field
emission is given by the Fowler-Nordheim rela-
tion [4]:

B

_B_E) (1)

j o (BE)* eap(

where E is the electric field amplitude, g is an
enhancement factor due to the geometry of the
source and B is a material dependent parameter.
The dark current is source of undesired beam halo
and radiation along the linac. Therefore is impor-
tant to understand dark current sources in order
to reduce them as much as possible.

2. Measurements

The dark current is measured with a Faraday
cup that can be inserted at the gun exit. The
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signal from the Faraday cup is detected with an
oscilloscope. A typical signal is reported in Fig.
1. The rising and falling edge of the rf pulse are

M 50,005
5.00mvQ

Figure 1. Oscilloscope trace used for dark current
measurement. The spikes at the begin and at the
end are due to multipactoring during Rf start and
stop. The pedestal is due to dark current.

clearly visible as spikes at the beginning and at
the end of the pulse. They are due to multi-
pactoring during rise and fall of rf. In between
the spikes, a pedestal is visible that grows along
the pulse. This pedestal is due to the dark cur-
rent produced during the Rf pulse. We measure



the dark current by measuring the height of the
pedestal at the end of the pulse, before the rf stop
signal as shown in Fig. 1. From simulations, the
source of the dark current is the gun backplane
and mainly the region around the cathode. The
Rf contact between the cathode and the body of
the gun is assured by a CuBe spring. It is possi-
ble to image the dark current on a screen down-
stream from the gun and resolve the spring con-
volutions. The contribution to the dark current
from the photoemissive material is lower than the
Faraday Cup sensitivity. The dark current his-
tory for the cathodes used is reported in Fig. 2
[5]. The typical initial value of the dark current
is below 100 pA after the cathode insertion in the
gun. The dark current then rises slowly. Often
an abrupt increase is observed that can reach also
some mA. Reused cathodes have always an initial
dark current value higher than their fresh value
and the current rise is earlier and faster. On
the contrary, degradation of quantum efficiency
has not been observed. The experimental evi-
dences collected till now can be summerized as
follows:

— Removing the cathode from the gun and pump-
ing the cathode region lowers the dark current
but only for short time.

— The dark current value after the cathode inser-
tion depends on the pumping time.

— Reused cathodes have an earlier and faster
dark current rise than new cathodes.

— No clear indication of dark current from the
photoemissive area has been collected.

The main effect related to dark current dur-
ing linac operation is radiation losses in the linac
components. In addition, beam jumps were ob-
served. These were due to dark current induced
charging of the dielectric mirrors used to point
the laser to the cathode. The problem has been
solved replacing them with mirror having a metal-
lic bulk material.

3. Conclusions

Measurements and induced effects of dark cur-
rent have been reported. Studies are in progress
in order to find and eliminate the dark current

sources. New materials and coatings for the
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Figure 2. Dark current history for the cathodes
used in the gun during the last run. Differ-
ent cathodes are rappresented by different colors.
Note that some cathodes have been used more
than once.

spring are investigated. An activity is in progress
also for studying new finishing of the Molybde-
num cathode plug.
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Photo Injector Test Facility under Construction at DESY Zeuthen*
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A Photo Injector Test Facility is under construction at DESY Zeuthen (PITZ) within a cooperation of BESSY,
DESY, MBI, and TUD. The aim is to develop and operate an optimized photo injector for future free electron
lasers and linear accelerators. First operation of the rf-gun is planned for late autumn 2000. In this paper we want
to outline the scientific goals, the planned and existing hardware, the status of the project and new developments.

1. Goals

The scientific goal of the project is to operate a
test facility for rf-guns and photo injectors in or-
der to optimize injectors for different applications
like free electron lasers, production of flat beams
for linear colliders and polarized electron sources.
We will make comparisons of detailed experimen-
tal results with simulations and theoretical pre-
dictions. At the beginning we will concentrate
on the development of an optimized photo injec-
tor for the subsequent operation at the TESLA
Test Facility - Free Electron Laser (TTF-FEL)
[1]. This also includes the test of new developed
components like the laser, cathodes and beam di-
agnostics under realistic conditions. After the
installation of a booster cavity we will be able
to test new concepts for the production of flat
beams[2]. On a longer term basis we plan to in-
vestigate the design of polarized electron sources.

2. Setup

The experimental setup is shown in figure 1. In
the future, the teststand will be complemented by
more diagnostics, beam optical components and
a booster cavity.

*The project is partially funded by the HGF Vernetzungs-
fond.

Figure 1. Experimental setup of PITZ in the start-
up phase: 1.cathode system, 2.bucking solenoid,
3.main solenoid, 4.coaxial coupler, 5.laser input
port, 6.beam position monitor, 7.Faraday cup +
view screen, 8.emittance measurement system (slits
+ pepper pot), 9.quadrupole triplet, 10.wall gap
monitor, 11.+13. view screen, 12. dipole, 14. Faraday
cup.

3. Schedule and Status

In September 1999 it was decided to built the
test facility in DESY Zeuthen. Now the raw con-
struction work is mainly finished and soon we will
start the installation of the test stand itself and
all the other equipment. We plan to have the first
rf inside the gun cavity in November and the first
photoelectrons are scheduled for January 2001.
A major upgrade of the test stand will take place
mid 2002 when a booster cavity will be installed.
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4. Laser Development

The Max-Born-Institute develops the photo-
cathode laser for PITZ. Besides the former re-
quirements for the TTF photocathode laser sys-
tem [3] a new request on the logitudinal shape of
the micropulses will be realized by the MBI: the
micropulses should have a flat-top profile, 5-20
ps FWHM, with rising and trailing edges shorter
than 1 ps. This requires a new laser concept
which is shown in figure 2. The key element is
the optical-parametric amplifier (OPA). It pro-
vides large amplification bandwidth and therefore
allows for the amplification of pulses with sharp
edges. A grating combination will be used for
programming the shape of the micropulses. Wave
front deformations will be corrected by computer-
controlled optics. An extended version of the field
tested TTF photocathode laser will serve as a
pump laser for the OPA. In the beginning it will
be used to produce the first photoelectrons. Then
a continual upgrade to the full laser system fol-
lows.
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Figure 2. Scheme of the photocathode laser for the
generation of micropulses with variable shape.

5. Simulations

One goal of TEMF at TU Darmstadt is the nu-
merical study of the minimum attainable trans-
verse and longitudinal emittance as a function of
rf-gun parameters. Figure 3 presents a simulation
that takes into account space charge and nonlin-
ear rf forces. It shows that the main part of the
transverse emittance is caused by the emission
process and that the evolution of the emittance

for the first and the second half of the bunch is
opposite. The behaviour of the projected emit-
tance seems to be a result of the rf field effects
and MAFIA TS2 and ASTRA[4] are shown to be
in good agreement. An other topic for TEMF
is the development and installation of an on-line
simulation program (V-code) [5] that is based on
a model of ensembles. It will help to obtain an on-
line understanding of the dynamics of the beam.
At DESY an ASTRA simulation with a cutted
disk structure booster cavity was performed. This
cavity provides an average gradient of ~ 12.6
MV /m and boosts the beam up to about 30 MeV.
According to that simulation emittances in the
sub-mm-mrd regime can be obtained.
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Figure 3. Development of transverse emittance in
the rf-gun.
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