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Feedback in a soft x-ray FEL by optically generated
atomic lattices

B. Adams

Hamburger Synchrotronstrahlungslabor HASYLAB am Deutschen
Elekironensynchrotron DESY, 22607 Hamburg, Germany

It is proposed to use a lattice of atoms, generated in an atom beam by a
standing wave of laser light, as a Bragg mirror for feedback in an X-ray
FEL. This lattice has a low absorption and is immune to radiation damage.

1 Introduction

The multibunch x-ray FEL has the potential to go beyond the self-amplified
spontaneous emission (SASE) operation to much better temporal coherence if
a small monochromatized fraction of the output can be fed back into the input
to serve as a seed for the next buch in the bunch train. There is however the
serious obstacle of absorption in and radiation damage to the first feedback
mirror.

This paper proposes a novel way to circumvent these problems by use of
a recent development in quantum optics, namely the phenomenon of Bragg
reflection from lattices of atoms which are bound by a standing wave of light.
Light-bound lattices of atoms have been realized by several groups, both in
pre-cooled clouds of atoms [1-3] and in an atomic beam [4]. Bragg reflection
of light at an optical wavelength from an atomic lattice has been demonstrated
by [5]. Typical atom densities in light-bound atomic lattices are 10° to 10!2
atoms per cm® [5,6]. At these densities, the absorbance for soft X-rays is very
low. In the application discussed here, the atomic lattice would be generated
in an atomic beam to be continuously renewed in the interaction zone.

2 The setup

Fig. 1 shows a schematic of the setup. Let z be the coordinate along the FEL
amplifier axis and ¢ be the direction of the x-ray scattering vector. An atomic

Preprint submitted to Elsevier Preprint 2 September 1996
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beam is directed at a right angle with respect to the z and £ axes towards the
interaction zone. Tt is precooled with respect to the £ direction by an optical
molasse. Two counterpropagating laser beams along the &£ axis with crossed
linear polarizations generate a standing wave pattern which channels the atoms
into lattice planes. They are aligned with respect to the FEL output to Bragg-
reflect at the desired wavelength of several nm in a low reflection order, i.e.
at small momentum transfer. The reflected beam is then guided back to the
input of the FEL amplifier by conventional multilayer mirrors which can be
used near back-reflection.

ML

‘ -ray b
ML\\ SN | == x-Tay beam
AL
undulator i
e~ ' }

Fig. 1. Schematic of the feedback. AL is the atomic lattice and ML are multilayer
mirrors. In this diagram, the atomic beam passes at a right angle through the paper
plane.

In this setup, the atomic lattice handles the high power output from the FEL
and transmits most of its power to the user stations while the multilayer mir-
rors which can transfer a large amount of momentum to the x-rays are not
exposed to the high power. Most of the FEL output passes straight through
the atomic lattice. Some focusing is necessary for optimum feedback. This can
be accomplished by using curved multilayer mirrors or by shaping the standing
laser wave pattern that generates the atomic lattice by use of lenses or curved
mirrors.

3 Atomic lattices bound by light

Periodic optical potentials are generated by the light shift experienced by atormns
in a stationary interference pattern of suitably tuned laser light. They can be
used to modulate the spatial arrangement of otherwise free atoms which are op-
tically cooled to 1K temperatures. A typical setup uses two counterpropagating
waves with mutually orthogonal linear polarizations at a frequency w, which
is close to an atomic J = 1/2 — J = 3/2 transition at wp [7]. The resulting
pattern of elliptical polarization generates A;/2-periodic potentials which are
offset by A¢/4 for the two Zeeman sublevels of the J = 1/2 state where X, is
the laser wavelength. By a convenient choice of phases, the gy sublevels are
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subjected to the potential [7]

U(€) = Up(—2 =+ cos(2k£))/2 (1)

where ks = 27 /), and

Uo = -—25530/3 (2)

where ¢ is the detuning w; — wp and sq = 0%/2(8% + v2/4) is the saturation
parameter. 8p = —2dFy/Hh is the resonant Rabi frequency which characterizes
the coupling between the atomic dipole d and the field and « is the natural
linewidth. Treated quantum-mechanically, the atoms in the potential I/(£) have
discrete energy levels. In the harmonic approximation (7], the localization of
the atoms in the lowest vibrational energy level is given by:

h

8= Vol 3)

where m is the atomic mass.

4 Bragg reflection of x-rays from a light-bound crystal

Bragg reflection of x-rays from an atomic lattice is shown schematically in
fig. 2. An atomic beam of width W passes vertically through the paper plane
in the figure. A lattice is generated in it by optical laser beams in the =+¢
directions with wave number k,. The atoms are then arrayed in layers, spaced
at distances of £ = m/k¢ each. The thickness-to-spacing ratio is § = kedz /7.
We define L = W tan © where O is the scattering angle. The number L/{ is a
measure of the number of lattice planes traversed by the FEL output beam. Due
to the low density of the atomic lattice, the extinction length of the reflection
is typically much larger than L. Therefore, the width w' of the exiting beam
may be Jarger than w, the width of the incoming beam, as shown in fig. 2.

We will now look at the reflectivity, the energy bandpass width due to the finite
size of the reflecting lattice, energy spread due to angular divergences and the
issue of recoil energy loss.

Concerning the reflection of x-rays, an atomic lattice is similar to a multilayer
mirror because both have a modulation of scatterer density along the scattering
vector and are unstructured in the other directions. Following [8], we define
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Fig. 2. Schematic of the Bragg scattering. © is the Bragg angle. The atomic beam
passes through the paper plane at a right angle.

furthermore ! : ¢ = cos 20 the polarization factor, ¢, ¢; the dielectric constants
in the density maxima and minima, respectively, u = B¢, + (1 — 3)e2 the mean
dielectric constant and n the order of the Bragg reflex. The dielectric constant
1s given by:

€=r.pfA/m (4)
where p is the density of atoms and f is the scattering factor per atom (in
number of equivalent electrons).

The reflectivity of a multilayer mirror is [8]:

(Bno [2) tanh(2x£Lz /22|

k=15 tanh(27fLz /%) — iz (5)

where B, = 2(¢; — ez)sinan8/(7n), b, = ((nA)/(26)* +1 — p —sin* © and
z = 1/B%0%/4 — b2. This reflectivity needs some discussion: The relevant is-
sue 1s the intensity that can be coupled back to the FEL input into a spot
size that is comparable to the beam diameter and into a solid angle that is
comparable to the intrinsic beam divergence of the TEMgg mode. To achieve
optimum feedback, it is necessary to focus the reflected beam, especially so if
the reflected beam is wider than the incident beam, as shown in fig. 2. As long

1 [8] defines © relative to the multilayer surface normal, the definition used here
conforms with the way that © is used in x-ray crystallography
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as the FEL beam has full transverse coherence (i.e. contains only the TEMqq
mode and if the longitudinal coherence length exceeds W -sin @, see [9]), there
is full coherence in the focus. In that case, eq. {5) may be used to calculate the
reflectivity.

Now we turn to the monochromatizing properties of the atomic lattice. The
energy bandwidth of the Bragg reflection is given by the extension L of the
scattering volume in the direction of the scattering vector. By use of the Scherrer
equation and the Bragg law, we obtain

Awfw = —A/(Lsin ) (6)

There is some spatial variation of the incidence angle due to a divergence of
the FEL output and possibly due to a curvature of the atomic lattice if it is
used for focusing. The energy shift of the Bragg reflection due to a deviation
AQ from the nominal Bragg angle is:

Awfw =—-AO/tan O (

~I
——

Finally, we look at the recoil energy. A photon that is scattered from a free
atom is slightly red-shifted due to loss of Er = 2h%k2sin? ©/m where k, is
the wave number of the x-rays and 20 is the scattering angle. In our case the
atoms are bound and can transfer momentum from the x-ray photons to the
Jaser light field. If the spacing of the vibrational energy levels is larger than Eg
the scattering is fully elastic. At high incident intensities, several x-ray photons
are scattered from one atom and the spacing of the vibrational levels must be
correspondingly larger.

5 Example

Let us now look at an example, using the TTF FEL with the following para-
meters: We tune the FEL to 150eV (A = 8.6nm). The intrinsic frequency
bandwidth of the TTF FEL is Aw/w = 5- 1072 [10]. The TTF FEL has
a jitter of 300um of the macropulse position which is larger than the mac-
ropulse length itself. In order to insure amplification in the feedback loop, we
have to monochromatize to get a coherence length of 300um, giving an cnergy
bandpass of Aw/w == 3 - 107°. For the atomic lattice, we take Cs atoms at a
mean atom density of 10'® atoms per em® bound by light of A, = 852nm,
incident at a flux of 2.2mW per cm?®. This wavelength corresponds to the
6S1/2(F = 4) — 6P3,(F’ = 5) transition in Cs. Its natural linewidth is
ve/2m = 5.2Mhz. At the flux of 2.2mW/cm?, the resonant Rabi frequency
is Qr = ¢ [2]. The theory of light bound atomic lattices which was sketched
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above applies to transitions from J = 1/2 — J = 3/2. It is shown in [11]
for Rb that the six hyperfine levels of the D2 line in Rb can be reduced to
that simple picture with an effective Rabi frequency. Similarly, we use an ef-
fective Rabi frequency in Cs. We detune by § = 107. The potential energy is
Up=—T7.15-10"V,

At the chosen FEL wavelength, Cs has atomic scattering factors fi = 34.9
and f; = 5.75 [12]. We use the lowest order reflex of the atomic lattice which
has a Bragg angle of © = 9.69mrad. At that reflex order, the recoil energy
is Ep = 3.4-107'eV. This less than U, so that single x-ray photons are
scattered elastically from the atoms. Even if there is a loss of recoil energy due
to scattering of several x-ray photons from one atom, this loss is negligible in
comparison to the width 1.5-10?eV of the monochromatization in the feedback
loop.

By eq. (3), we calculate §z = 45nm, i.e. § = 0.105. At a mean atom density of
10%¢ atoms per cm?®, we now get by eq. (4): ¢; =1 —2.14-10"% —{.3.52-107°
and due to the localization of the atoms |¢; — 1| < |e; ~ 1|. Approximating
€2 = 0, we have in eq. (5) z = 151\/(sin(,Bﬂ')/'rr)2 — 3% = 0.02¢,. The density
of 10'® per cm® is 4 orders of magnitude higher than in present day atomic
lattices. Some technological development is still necessary both in production
of such a dense atomic beam and in the generation of atomic lattices in it.

At A¢ = 852nm, we have £ = 426nm. We choose the width of the atomic beam
to be P = 100mm, giving L = lmm. We may approximate tanh{z£L/A?) in
eq. (5) by xfL /A%, Furthermore, 2b;mL£/A? < 1. Therefore, the term —iz is
dominant in the denominator of eq. (5).

Equation (5) now simplifies to:

R~ |2(€1 - l)sin('.rrﬁ)fL/)\zr (8)

which gives R a2 7.7 - 1073,

According to eq. (6), the relative energy bandpass of the atomic lattice in our
example is & 107>, The monochromatization to the required bandwidth must
therefore be done by the multilayer mirrors.

With the above reflectivity and taking into account losses of 80 percent in the
multilayer mirrors, the feedback is about 1072 within the narrow monochro-
matized frequency interval. If the FEL amplifier has a gain of 10000, there is
an amplification by a factor of 10 in each round trip until the FEL reaches
saturation after about 3 round trips in our example and with the TTF FEL.
During the rest of the bunch train there is a steady state situation with the
feedback signal at the FEL entrance being about 1000 times stronger than
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the shot noise within the monochromatized frequency interval and 10 times

stronger than the shot noise within the total intrinsic frequency interval of the
TTF FEL.

The inherent divergence of the TEMgg mode of the TTF FEL is 220.02mrad at
A = 8.6nm. According to eq. (7), the resulting energy spread Aw/w = 0.002
which is larger than the energy bandpass of the atomic lattice. In order to
actually make use of the full FEL beam, the lattice planes in the atomic lattice

have to be slightly curved to give the same incident angle for all parts of the
FEL output beam:.

Finally, we look at the regeneration of the atomic lattice. The maximum bunch
repetition rate that the atomic lattice can handle is given by the time for a
fresh part of the atomic beam to enter the FEL beam of 0.1mm width. In a
thermal atomic beam of Cs, having a speed of 220m/s at 400K, this time is
about 500ns.

I gratefully acknowledge the many stimulating discussions with G. Materlik,
E.L. Saldin and M.V. Yurkov.
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Two-Stage Amplifier Scheme with Feedback by
Bragg-Reflecting Mirrors in an A Wavelength Range

FEL

B. Adams, G. Materlik

Hamburger Synchrotronstrahlungslabor HASYLAB am Deulschen
Elektronensynchrotron DESY, 22607 Hamburg, Germany

We describe the principle and ways of realization of the production of
longitudinally coherent radiation from an x-ray FEL. The setup consists
of two FEL amplifiers, the first one in a feedback loop with Bragg-reflecting
mirrors going up only to a limited power level and the second one starting
with the microbunched electron pulses coming out of the first part and
amplifying up to the saturation limit.

1 Introduction

One of the peculiar features of the SASE process is the irregular temporal
structure of the photon beam. A much better temporal coherence can be ob-
tained by using a two-stage FEL amplifier scheme together with a multibunch
LINAC like TESLA. The first stage, operating in the linear regime, generates
a longitudinally coherent microstructure on the electron beam via feedback by
monochromatizing crystals. This microstructure has the effect of a coherent
seed in the second stage which amplifies up to the saturation limit without any
further optical components.

After the passage of several bunches, the power in the monochromatic wavelength
band is sufficient to override the shot noise at the entranc of the second stage
and the gain in the feedback loop can be reduced to unity to reach a steady
state which 1s still tolerable to the Bragg crystals.

We study this idea on the basis of a set of design parameters of the TESLA

FEL which is being planned at DESY. At this stage, the chosen parameters
only serve to illustrate the principle.

Preprint submitted to Elsevier Preprint 2 September 1996
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2 The setup

Fig. 1 shows a schematic of the setup. The two FEL amplifiers are traversed
1n succession by a train of equidistant macropulses. The x-ray output of the
first FEL amplifier is monochromatized by a Bragg-reflecting crystal in back-
scattering geometry to a typical energy bandwidth of Aw/w = 1075, This
reflected beam is reflected again by an identical crystal on the entrance side of
the FEL amplifier. The wavelengths at which the feedback loop operates are
therefore discrete, but slightly tunable by controlling the temperature of the
crystals.

Bragg mirror Bragg mirror X-ray
e '

1. stage isochronous bypass 2. stage
e” e

Fig. 1. Schematic of the setup

The first macropulse in a bunch train generates an x-ray output with the
typical SASE coherence characteristic. The next macropulse is then seeded by
the monochromatic feedback signal. Since the first amplifier operates in the
linear regime, the spectrum at the entrance, containing the monochromatized
peak on top of the shot noise is simply reproduced in amplified form at the
output. The feedback signal in the second pass is therefore stronger, and so on
with exponential growth of the monochromatized signal. At some point in this
exponential curve, the gain in the feedback loop must be reduced to reach a
steady state at a power level that is still tolerable to the Bragg mirrors. This
reduction may be accomplished by piezo-controlled distortion of the Bragg
crystals or by a switchable absorber.

After exiting from the feedback loop, the macropulses, now carrying a mi-
crobunch stucture which coherently extends over their full length, pass on
through an isochronous bypass around the first Bragg mirror and enter the
second FEL amplifier. There, they generate longitudinally coherent x-radiation.
The degree of longitudinal coherence depends on the maximum power level that
may be tolerated in the feedback loop.

In order to achieve exponential growth of the coherent signal in the feedback
loop, the spectral power density of the feedback signal must be larger than
that of the shot noise at the FEL entrance. This requires a gain of just a
few dB in the feedback loop. However, for good longitudinal coherence, the
power of the monochromatized feedback signal at the entrance of the first stage

o
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should considerably exceed the shot noise power within the total frequency
interval of the FEL. This requirement may be met even with a small gain in
the feedback loop by allowing a large number of feedback round-trips before
the gain reduction is activated.

The Bragg mirrors are exposed to a heat load which consists of three parts: ‘The
spontaneous synchrotron radiation from the undulator, the shot noise signal
within the frequency interval of the FEL, amplified by one passage through
the first stage and the absorbed part of the multiply amplified coherent signal.
Both crystals are exposed to the latter part while the former parts are incident
only on the downstream crystal.

The monochromatization of the crystals can be estimated by the ratio A/{
where X is the x-ray wavelength and ¢ is the extinction length, given by [1]:
2V
{= 1
reAF (1)

V' is the unit cell volume, r. the classical electron radius and F is the unit cell
scattering factor.

3 Example

We now take the example of the TESLA FEL which is being planned at DESY
for an x-ray wavelength of 0.98A.

In order to obtain good transverse coherence of the x-ray beam in the feedback
loop, the first FEL amplifier must have a diffraction parameter below about
10 [2]. This means that its amplification must be at least 20dB. We choose
a length of 20m for the first undulator which gives us the required gain. Fig.
2 shows the directional dependence of the intensity at the output of the first
undulator. The power that is fed back to the input does not influence the
shapes, but only the intensity scale. {2].

The Bragg mirrors are Si crystals, used in backscattering geometry with the
(775) reflection. By eq. (1) we get a monochromatization of Aw/w =~ 1075,
We place the crystals 140m apart with the downstream one at a distance of
100m from the exit of the first undulator. In order to match the round trip
time between the crystals, we let every 10th bunch from the TESLA bunch
train pass through the FEL, giving a bunch-to-bunch spacing of about 930ns
[5]. The FEL parameters are summarized in tab. 1.

We now consider the heat load on the Bragg crystals. The downstream crys-

1
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Fig. 2. Intensity at the output of the first undulator as a function of the deviation

from the beam direction [2].

electron beam energy

electron peak current

bunch train length

beam current, averaged over bunch train
emittance

A

undulator period, helical

external beta function

undulatof field

undulator parameter K

lenght of the first undulator

diffraction parameter in the first stage

x-ray beam diameter at the exit of the first stage

36GeV
5kA
1.05 ms
12 mA
1 mrad mm
0.984
5cm
10m
0.95T
4.45
20m
10zm
7.8

Table 1

Summary of the FEL parameters in the example [2,5]

tal is exposed to synchrotron radiation, the shot-noise initiated output of the
FEL within a frequency interval of about 103 and to the multiply ampli-
fied coherent signal. Only the latter contribution is incident on the upstream
crystal. From present experience with synchrotron radiation crystal optics, we

12
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expect that crystal arrangements can be made to withstand a total power of
a few 100mW within the x-ray beam diameter of about 20um and incident
within the time interval of one bunch train. This amounts to an energy of
several 100nJ], deposited by one 80fs-flash from the FEL in a volume of about
(20pm)? (beamn cross section times typical absorption depth). This is less by
several orders of magnitude than the amount of energy needed to generate a
plasma by ionizing the Si atoms in this volume. It is therefore justified to treat
the heat load in terms of heat conductivity and heat capacity.

The largest part of the heat load on the downstream crystal comes from the
spontaneous synchrotron radiation which is given by [4]:

PlkW)] = 0.633E2[GeV|B2[T]L[m|I[A] (2)

and is emitted into a divergence of approximately 1/y. With the parameters
from table 1 and using every 10th bunch from the bunch train, this gives
about 18kW into a divergence of about 14urad, i.e. approximately 10 times
more than the divergence of the coherent beam from the first undulator (see
fig. 2). We place the downstream crystal 100m away from the undulator and
put a pinhole of 20u#m diameter in front of it. This reduces the power in the
synchrotron radiation to about 4W. Of this, the part in the spectrum above
several 10keV i1s almost not absorbed at all in Si of some mm thickness. For
further reduction of the heat load, a suitably chosen absorber can be placed in
front of the downstream crystal to cut off the low energy part of the spectrum
(below some keV). Thereby, the heat load due to synchrotron radiation can be
kept well below one W.

The pinhole has another advantageous effect. Since the divergence of the FEL
beam is about 1.5urad, the pinhole at a distance of 100m lets only about
1/50 of it pass through. This reduces the gain of the feedback within the
monochromatization band to about 3dB, making the exponential growth slower
and thus easier to control.

The frequency interval of the TESLA FEL with the above parameters is
Awfw 22 107 [2]. The shot noise power within that frequency interval is
approximately 10kW [2,3]. For good longitudinal coherence, we feed back a
peak power of 100kW in the steady state. The TESLA FEL will have a bunch
length of approximately 80fs and a bunch-to-bunch spacing of approximately
930ns {using every 10th bunch) [5]. Averaging the power due to the coherent
signal over one bunch train, this amounts to about 8mW of which 1/50 passes
through the pin hole. Most of that is reflected and not absorbed. Finally, the
contribution of the FEL beam outside of the monochromatization interval is
0.8mW time-averaged shot noise power at the entrance of the first undulater,
amplified by 3dB (20dB due to the undulator minus 17dB due to the pinhole).

13
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Fig. 3 shows the power in the second undulator over its length if a pre-

microbunched bunch from the first undulator enters it.
200.0 —mm———————

-

150.0 | /N

£ ! /
2 100.0

/.

z (m)

50.0

0.0 L — =]

Fig. 3. Power in the second undulator, plotted over its length after a bunch has
obtained a coherent pre-microbunching in the feedback loop [2].

4 Discussion

To summarize, the crucial point is not the power of the coherent signal in
the feedback loop but the synchrotron radiation from the undulator which is
incident on the downstream crystal. The upstream crystal is exposed to a
much smaller heat load. The feedback peak power of 100kW in our example
is therefore not the limit of what is possible - it is simply sufficient to obtain
good longitudinal coherence in the output of the first FEL amplifier.

The heat load due to synchrotron radiation may increase for several reasons:
If an electron beam of higher energy than in our example is used (see eq. 2) or
if it becomes necessary to enlarge the pinhole or if more than only every 10th
bunch is used. In these cases, several means of reducing the heat load seem
feasible: The Si crystals may be cut asymmetrically to the scattering vector.
Thereby, the heat load is spread over a much larger surface. In order to prevent
a distortion of the wavefronts in the feedback, both crystals have to have equal
asymmetry angles. It might also be possible to use rotating crystals to spread
the heat load over a large area.

It might be desirable to use a part of the radiation in the feedback loop. This

i
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may be accomplished by either using a Bragg crystal which is not thick in
comparison to the extinction length (this would preferably be the upstream
one), making it semi-transparent to the x-rays or by exploiting multiple Bragg
reflexes which are quite common especially in backscattering geometry. Besides
the backscattered beam, other beams are reflected from the crystal at different
angles, making them accessible to diagnostics and further experiments.

References

[1] B. Batterman, H. Cole, Rev. Mod. Phys. 36 (1964}, 681
f2] E.L. Saldin, M.V. Yurkov, private communication

[3] E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Phys. Rep. 260 (1995),
Nos. 4 and 5

[4] X-ray Data Booklet, Lawrence Berkeley Laboratory, PUB-490, April 1986

[6]J. Rossbach, Design parameters of the TESLA FEL,
http://www.desy.de/pub/hasylab/xfelross.html



Presented at the X VIl FEL Conference, Rome, Italy

TESLA FEL-Report 1996-13

Parameter Study on Phase I of the VUV-FEL at the TESLA Test Facility

W. Brefeld®, B. Faat:®, Y.M. Nikitina®, J. Pfliiger®, P. Pierind®,
J. Roftbach®, E.L. Saldin®, BE.A. Schacidmiller® and M. V. Yurkov?

“Deutsches Elektronen Synchrotron DESY, Notkestr. 85, 22603 Hamburg, Germany
*INFN Milano - LASA, Via Cervi, 201,20090 Segrate (MI), Italy
“Automatic Systems Corporation, Samara, Russia
4Joint Institute for Nuclear Research, Dubna, Russia

ABSTRACT

Currently, a SASE-FEL in the VUV, driven by the TESLA Test Facility accelerator, is under canstruction at
DESY. As a first phase of the project, three of the eight TTF accelerator modules will be installed to deliver
an electron beam with a nominal energy of approximately 330 MeV with a peak current. of 500 A, With this
energy, employing an undulalor with the same parameters as for the final design, the resonant wavelength
is around 44 nm. For this wavelength, the transverse beam emittance and energy spread conditions can be
retaxed as compared to the design wavelength of 6 nm in the final stage. The proposed length of the planar
undulator with the integrated FODO lattice is about 15 m.

In this paper, we present a defailed study on how the performance around 300 MeV depends on the electron
heam and undulator parameters. Also, the status of the project is briefly sketched.

1. Introduction

At Deutsches Elektronen-Synchrotron (DESY), a
large eflort is dedicaled to build a Free Electron
Laser (PEL) starting up from noise, 1.e., in the so-
called Self Amplified Spontaneous Emission {SASE)
mode [1-2]. The superconducting (s.c.} accelerator
will, in its final stage, deliver an electron beam with
an energy of 1 GeV. In its first stage, however,
ouly part of the accelerator will be built o obtain
an energy up to 390 MeV. First experiments are
planned at an energy of 300 MeV, corresponding
to a wavelength of 7T0nm, with a peak current of
500 A. For this stage, a 15 m long undulator will
be built. The layout of the experiment is shown in
Fig. 2.1, with parameters given in Table 2.1. Tor
the final stage, the accelerator is extended 1o 1 GeV
and the undulator to the full length of about 30
m {see Ref. [3] [or more details), radiating at
a wavelength of 6 nm. Several studies of the final
stage of the design have already been published (see
for example [4]).

There are two objectives of stage 1 of this project.
First, to study the operation of the different com-
ponents, such as the high-gradieni s.c. accelerator.
The second aim is a first prove of principle of a
SASE FEL in this energy range. Because of the
larger wavelength, demands on both energy spread
and transverse emittance can be relaxed. Since the
device is optimized for operation at higher electron
energy, it is not a main goal to reach saturation.
This is, however, not essential {for the prove of prin-
ciple of SASE. The main goal is to be well within

b

the exponential gain regime. With the same undula-
tor geometry used for stage I and for the final FEL,
the variation in B-function due to the superimposed
FODO-structure is 3.15 at 300 MeV (see Table 2.1).
Influence of magnetic field errors and the geometri-
cal tolerances of the different modules on the gain
are presented in separale contributions [5-6].

In this paper, results of simulations are shown using
the preliminary results of beam parameters of the
accelerator system up to the undulator entrance.

2. FEL performance

The design parameters of Phase I of the SASE FEL
at DESY are given in Table 2.1. There are hmited
possibilities to tune the focusing system of the un-
dulator. The exact values of the emittance and the
energy spread in the electron beam will be available
only alter commissioning the accelerator. Therelore.
il is reasonable to study the FEL performance in the
vicinily of these project parameters. For quick es-
timations of the region of parameters we have used
analytical techniques [7-8] and comprehensive cal-
culations have been performed with TDA-3D [9].
Optimized parameters are assumed f{or the FODO-
lattice which differ slightly from the ones previously
presented. This is due to a more detailed knowledge
concerning undulator design, and the diagnostics be-
tween undulator modules. A different compression
ratio in the second bunch compressor (see Ref. 1)
has been chosen, resulting in a 20% decrease in peak
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380 MeV 140 MeV 20 MeV 4 MeV
undulator bec 2 . bet
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#3 #2 module # 1 capture  RF gun
cavity
Figure 2.1: Layout of the TTF-FEL for stage .
Electron heam
s Energy 300 MeV
= Peak current 500 A
L Normalized rms emittance 27 mm mrad
[
g rms energy spread 0.17 %
o —_
& External g-function I m
E 2 ﬁmax /ﬁmin 3.15
average beam size 57 i
10 Undulator
Normalized Emittance £ {x mm mrady’ Type Planar
Period 27.3 mm
Figure 2.2: Ratio of the gain length and the Peak maguetic field 0.497 T
reference field gain length given in Table 2.1 for M tic ga 12
different values of the normalized emittance and agnetic gap ) mm
energy spread. Undulator section length 4.5 m
Number of sections 3
FODO-lattice
current.  In addition to this, results are different Period 0.9555 m
compared to earlier simulations, because so-far, the Quadrupole length 0.1365
variation in F-Tunction was not included [7]. As a uadrupote leng o )H m
consequence of this variation, the saturation length Quadrupole strength 8.3 T/m
is longer and the power is smaller in the simulations Radiation
presented in Lhis paper. Wavelength 71.42 nm
Field gain length 1.2 m
bandwidth +0.5%
2.1. Phase Space Dependence Output. power 990 MW

In Fig. 2.2 we present the results of analytical cal-
culations of the field gain length dependence on
the energy spread and the emittance of the electron
beam. Analysis of these plots shows that there are no
significant perspectives to improve the FEL parame-
ters, the best case (emittance down to 1 # mm mrad
and the energy spread down to 100 keV) will only
reduce of the saturation length by 30 %.

In Tig. 2.3, the saturation length and the saturation
power, calculated with TDA, are shown as function
of the normalized emittance. Note that the satu-
ration length is given in terms of a reduced length,

Table 2.1: Simulation Parameters used for phase |
of the TTF VUV-FEL

i.e., the total length minus the total drifl length be-
tween undulator modules. The total reduced length
of the intended three modules is 13.5 m, the reduced
length of 6 modules is slightly less than 27 m. As
can be seen, for the design values given in Table 2.1,
the FEL barely reaches saturation. The behaviour is
similar to that obtained with previous calculations.
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Figure 2.3: Saturation power (solid symbols) and
saturation length (open symbols) versus normalized
emittance. The undulator length for phase I is indi-
cated by the dotted line. All remaining parameters
are listed in Table 2.1
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Figure 2.4: Saturation power (solid symbols) and
saturation length (open symbols) versus energy
spread. The dotted line indicates the anticipated un-
dulator length for phase 1. All remaining parameters
are listed in Table 2.1

The increase in saturation length and decrease in
power is a result of the large variation in # and due
to diffraction of the field in the field-free gaps.

In Fig. 2.4, the influence of energy spread on both
saturation power and (reduced) saturation length
is shown. For large energy spread, the saturation
length does not increase, because the calculations
lave not been extended beyond the maximum of
six undulator modules. Thus, for a relative energy
spread up to 0.17%, the power saturates within the
three undulator modules employed in stage . For
an energy spread smaller than 0.4%, the radiation
field reaches saturation within the undulator length
in the final design at a power level of only 10 MW.

'8
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All results are in good agreement with analytical
results, taking into account the large variation of 3.
of which the influence will be discussed next.

2.2. Variation of the -function

Each FODO cell consists of 136.5 mm long quadrupole,
magnets and 341 mm long focusing free sections. ~
They are needed o provide a smooth FODO lattice
running over the intersections between two adjacent
modules. Between the three modules planned for
phase I, some additional diagnostics is needed. Due
to the large phase advance per FODO-period at. 300
MeV, there is a large variation in fA-function, and
therefore a large variation in velocity spread. This
increases the gain length.

The undulator design is optimized for an elec-
tron beam energy of 1 GeV. With the emittance
and electron beam radius given in Table 2.1, the
average (-function al this energy is 3 m, with
Anax/ Bmin = 1.36. In general, the variation in 3 can
be approximated by

Bnax _ 2+6
aBITIiU B 2_(?"

where the angle ¢ is the phase advance per FODO-
cell in radians. Because the same undulator geom-
etry is used at 300 MeV, the phase advance per
FODO cell, and therefore the 8 beat, is much larger.
For the values given in Table 2.1, Bmax/fBmin = 3.
The S-function is shown in Fig. 2.5.

In Fig. 2.6, the influence of a change in average
B-function on saturation length and power is shown.
Because the gap between undulator modules and
the length of quadrupoles have to remain fixed
in order to maintain a smooth A-function between
modules, the B-function is varied by changing the
quadrupole strength. Because this also changes the
ratio Bmax/Fmin, the optimum for the average value
of 8 compared to previous calculations is larger. For
the present FODO-design, this ratio is 3.15 for 300
MeV. It increases to 6 for the smallest S-function
investigated {with @ = 257"/m), and reduces to
1.33 for the largest S-function. Therefore, the gain
is reduced for large 5 due to the small current
density, and for smali 3 due to large velocily spread.
Simulations for an almost constant A-function of 0.9
m, realized here by an appropriate change of the
FODO lattice, give a (reduced) saturation length of
12 m, with a corresponding power of 500 MW.

Lrobpo

¢ = E ]
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Figure 2.5: f,-function along the undulator for the
values given in Table 2.1. The thick solid line at
the bottom indicates the three undulator modules
with the 300 mm long gaps, the dotted line the
superimposed FODO-lattice.

3. Conclusions and Discussion

Results of simulations have shown thal saturation
can be reached within the three undulator modules.
For the present FODO-period, decreasing the j-
function by increasing the quadrupole strength does
not cdecrease the saturation length. This could
only be achieved by changing the FODO-period.
Choosing a variable FODO-period is presently under
investigation. If cither energy spread or normalized
transverse emittance are larger than the reference
values saturation is not reached within the three
undulator modules. In view of the main objectives
of phase | as mentioned above, such situation would
he tolerable, however.

AL present, several components have already been
built. The electron gun has undergone its first
cold tests, with very promising resulls. A first
accelerating section will be installed in fall;
acceleration of the injector heam is expected by
the end of this year. A complete 120-200 MeV
moduitle containing 8 s.c. cavities will be assembled
unlil carly nexi year, and is going to be installed
in the beam line in spring 1997. The two first
bunch compressors have been designed. TIor phase
I, the increase of slice emittance due to coherent
radiation in the compressors is small, while the
over-ali emittance growth is substantial but still
tolerable [10]. For the final design of the third bunch
compressor, studies are still ongoing. Another two
accelerating modules with 8 s.c. cavities each will
be build next year. Further details can be found in
Ref. [11]. Mechanical tests on a first 220 mm long
undulator module have heen performed. A 0.8 m

s.C.

N

TESLA FEL-Report 1996-13

30 —r — : . 360
E
F . = 250
o B _,./'/ k
< /‘ W
)

o
-.-:l & - 200 'é'
2 =4
= op | =,
Kg - 150 g
=< |
é g
?} 15} 1w g
3 =2
3 z
g 450

10
! N L I " L L 0
a5 10 5 20 25 a0 35

Average p-function (m}

Figure 2.6: Saturation power (solid symbolsj and
saturation length (open symbols) lor different values
of the A-function. The quadrupole gradient has been
varied between 25 and 5 T/m as well as the initial
Twiss-parameters in order to match the beam. The
dotted line indicates the anticipated length of the
undulator for phase 1. All other paramelers are as
in Table 2.1

long prototype for field measurements s expected
before the end of this year (see Rel. 3).
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Abstract

This paper presents an X-ray Free Electron Laser laboratory (XFEL for short) as part of
a Linear Collider facility. After presenting the over-all scheme, we discuss the advantage
of using a low RF frequency linac (preferably a superconducting one) as the driver of an
XFEL. The parameter range with respect to pulse structure, photon wavelength and
brilliance values is presented as well as schemes of distributing the train of several
thousand electron bunches per rf pulse to many different users. Main technical challenges
and proposed solutions are discussed.
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1. INTRODUCTION
a) X-ray FELs

Due to the progress of accelerator technology during recent years it now seems possible
construct a Free Electron Laser (FEL) that provides coherent radiation at wavelengths
very far below the visible: This laser makes use of the principle of Self-Amplified-
Spontaneous-Emission (=SASE), which does not require the optical cavity resonator
normally used in multi-pass,-longer wavelength FELs and can hence in principle deliver
light with wavelengths in the Angstrom regime. Compared to state-of-the-art synchrotron
radiation sources, one expects a transversely fully coherent beam, larger average brilliance,
and, in particular, a pulse lengths of about 200 fs FWHM with eight or more orders of
magnitude larger peak brilliance. The peak power is around the 10 GW level. As the
SASE FEL is completely independent of atomic excitation levels, it can be tuned over a
wide range in wavelengths.

b) Linear Colliders

There is a consensus within the particle physics community that measurements of the e ¢
annihilation process should be extended to energies beyond these available at LEP. There
is also agreement that this can only be achieved using a linear collider facility, which
consists of a pair of linear accelerators directed against each other to accelerate and collide
well focused high energy beams of electron and positrons. Based on theoretical studies
and on experimental work it now seems feasible to construct such a facility for center-of-
mass energies up to 500 GeV. A large R&D effort including the construction of test
facilites is now under way at several laboratories including CERN, DESY, KEK and
SLAC. Tt is expected that this work will lead to a proposal for a linear collider facility by
year 2000.

In order to achieve sufficiently high counting rates for high energy physics, extremely
small beam sizes and very large average beam power are mandatory for these machines.
These are features which make Linear Collider beams and related technology most
attractive for the next generation synchrotron radiation sources, aiming at diffraction
limited beam sizes down to the Angstrom range wavelengths.

Based on the understanding that a linac driven X-ray Eree Electron Laser (XFEL for short
in this paper) could utilize a Linear Collider installation without mutual interference, this
paper sketches an XFEL as part of a Linear Collider scenario.

2. OVER-ALL DESIGN

The different linac concepts considered by linear collider study groups mainly differ with
respect to the choice of tf frequency. Roughly speaking, larger rf frequencies (up to 30
GHz) offer a higher accelerating gradient, i.e. a shorter over-all tunnel length, at the price
of reduced power efficiency and worse beam energy distribution. In contrast, low
frequency linacs (down to 1.3 GHz for the superconducting TESLA linac) promise very
good beam quality, because each electron bunch extracts only a small fraction of the large
energy that is stored in the big cavity volume (small ‘wakefield” effects). At DESY, linear

- 92
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collider studies are focused on this low frequency type[1]: the normalconducting S-Band

Linear Collider (SBLC) operating at 3 GHz like the SLAC lmac, and the TeV
Superconducting Linear Accelerator (TESLA). Test facilities[3,4] for both versions are
now under construction at DESY within the framework of international collaborations.
The TESLA Test Facility (TTF) also includes a rf photocathode gun, a bunch compression
system and an undulator which will enable us to verify and study the SASE-FEL
mechanism at wavelengths of less than 100 um. A project to upgrade the test facility to
achieve photons with wavelengths down to 6 nm has been approved.

For an XFEL the highest priority is electron beam quality and large average beam current,
while high accelerating gradient might be of minor importance. Thus there is a Clear
preference of low frequency linacs. With respect to longitudinal wakefields of 200 fs long
bunches this preference is based on generally accepted scaling rules, because no
experimental experience is available yet, and work is under progress to improve the
understanding.

In order to make the full energy of the linac available for synchrotron radiation research,
the XFEL laboratory building must be placed close to the collider interaction region. The
electron beam is extracted from the regular acceleration structure at the desired energy
level and then transferred by a beam transport line parallel to the linac, until it is deflected
into the X-ray experimental hall(s), see Figure 1. Many such extraction lines can be built in
parallel, so that various beam energies can be made available in the X-ray lab quasi-
simultaneously. At the end, these beams are deflected into a small diameter, low cost
tunnel pipe which separates the beams from the linac tunnel and directs them into the X-
ray lab. While the linac tunnel is about 20 meters below ground, there is no problem to
build this X-ray lab on the ground surface or at a more moderate depth. At the end of the
extraction tunnel, a beam switchyard is foreseen distributing the beams to different
undulators, see Figure 2.

3. PULSE STRUCTURE

Due to the large accelerating gradient foreseen, only pulsed rf operation is possible for
both technical and economical reasons. Thus, the electron pulse structure consists of trains
of electron bunches, repeated at the linac repetition rate f, , which is 5 Hz for TESLA
and 50 Hz for SBLC. It is proposed to run in an interleaved pulse mode, where rf pulses
for high energy physics and those for X-ray physics alternate, as shown in Figure 3 for the
TESLA case. The advantage is that there is minimum interference between beam
properties for high energy physics and X-ray physics, and that all kicker magnets required
to switch beamlines can be made slow. In particular, the beam energy of the X-ray pulse in
each extraction line can be varied from pulse to pulse (within a reasonable range mainly
determined by the tuning speed of the extraction beamline magnets) and is independent of
the required collider energy. In principle, both pulse length and repetition rate of the X-ray
pulse could be increased within a certain limit, but one should keep in mind that, already in
this scheme, the average electron beam power of the X-ray pulse alone is of the order of 1
MW, resulting in AC power consumption of some 10 MW, see Table 1. In the context of
power efficiency it is certainly an advantage of TESLA that the AC power for
compensation of the static cryogenic losses have to be invested anyway for the high
energy pulse, so that the overall power efficiency for the X-ray pulse can be made as large
as 28 % [5]. This optimum efficiency occurs at 18 MV/m accelerating gradient, but the
optimum is quite broad, as seen from Figure 4.
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Inside the pulse train there is considerable flexibility in choosing the bunch-to-bunch
spacing, the fundamental limitation only given by the rf bucket length of less than a
nanosecond. However there is a tendency that TESLA favors a much larger bunch spacing
than SBLC, because the long rf filling time of superconducting cavities calls for
comparatively long rf pulses with small pulse current. The bunch train distribution among
different undulators can be done by either fast kicker magnets, by deflecting-mode-cavities
synchronized with the accelerating rf, or by subharmonic cavities followed by a dispersive
section. Each of these systems has different capabilities with respect to the pulse structure
delivered to the respective users, so-the choice will be made depending on the user
requirements. Naturally, the procedure of bunch train distribution reduces the average
brilliance to be generated by each undulator, but the peak brilliance remains untouched.
Note also that even if the pulse train is distributed among (say) 20 undulators, the average
brilliance from each undulator will still be three or more orders of magnitude higher than
at present state-of-the-art 3rd generation synchrotron radiation sources.

4. ELECTRON BEAM PARAMETERS

While the electron beam size delivered from a radiation damping storage ning perfectly
matches the requirements on the high energy physics pulse, such a beam cannot be utilized
for an XFEL. A beam with smaller horizontal emittance and much smaller longrtudinal
emittance is required. Such a beam can be provided by an rf photocathode gun. With the
present state of technology of rf guns[6], an XFEL could be made operating in the few
nanometer range. Anticipating improvements in gun performance by about a factor of 3, a
normalized emittance of €, = 1 = mrad mm (for 1nC bunch charge) seems to be feasible. It
is important to understand that in a linac the normalized emittance is a conserved quantity,
so that the geomerrical emittance € (which determines the diffraction limit) decreases
linearly with energy: € = €4/ , Y being the relativistic factor. In contrast, the geometrical
emittance of a storage ring (not determined by initial conditions but by quantum
fluctuation effects) increases with the square of the energy for any particular magnet
Jattice. This tendency makes generation of high-energy, low-emittance beams in storage
rings indeed difficult.

In order to achieve laser saturation within a single passage, XFELs require electron pulse
currents of few kiloamperes. Because of space charge effects, such high currents cannot
be generated directly from the rf gun cathode without blowing up the transverse
emittance. Instead, a 7 ps long, 120 A beam is produced, accelerated, and longitudinally
compressed by a factor of 40. This compression takes place in several steps at different
energies. Bunch compressors are beam line sections which longitudinally compress the
bunch using path length differences in a magnetic chicane. This is a well established
technique, but has not yet been realized with extremely brilliant electron beams. Although
simple in first-order theory, the physics of bunch compression becomes very challenging if
collective effects like space charge forces and wake-fields are taken into account{7-9].
Especially emittance conservation is then a cnitical issue.

Bunch compression requires perfect control of the longitudinal energy distribution inside

each bunch. For very short bunch lengths, this energy distribution is distorted or even
dominated by longitudinal wakefields. As mentioned before, these wakefields are by far

2.4
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~ smallest at TESLA[10], which seems to be an argument in favor of TESLA. Experiments

and theoretical work are under progress in this field.

Even if the bunch compression has been perfectly managed, there is still another aspect of
wakefields: for ultra-short bunches they determine the longitudinal energy distribution in
the bunch[11]. The relative energy spread in the electron beam is very critical for the FEL
process. For XFELs, it must not exceed a few 10 in order not to destroy the resonance
condition. Fortunately, this condition must only be fulfilled within a longitudinal scale of
the bunch called the cooperation length, which is, for XFELs, much shorter than the bunch
length. However, even if a correlated energy distribution over the-bunch length due to
wakefields does not destroy the FEL operation, it nevertheless spoils the linewidth of the
X-ray beam because the electron beam chirp is transferred into a photon beam chirp. One
can also think of making use of this chirp for a further photon beam compression.

It is noted that generation and diagnostics of beam qualities close to the mentioned ones is
an objective of several single pass FELs either proposed or under construction to study
lasing at shorter and shorter wavelengths. Table 1 gives an overview[12-18].

5. UNDULATORS

There is a tendency that the undulator length 1. required to reach the FEL saturation
power increases with decreasing photon wavelength. Most XFEL parameter sets call for {,
of at least 50 m. Also, considerable field quality (or corresponding correction elements) is
required to guarantee, for instance, that the electron beam centroid does not depart from a
straight line by more than 10 um within some 10 meters of undulator length. Finally, a
periodic quadrupole focusing lattice has to be superimposed to achieve the small beam
diameter requested. Such an undulator has not yet been built, and it is believed that one
should proceed step by step towards the challenging goal [19]. As milestones one may
consider the 10 m long NISUS undulator now being installed into an FEL installation at
BNL[14], and the 30 m long undulator being under construction at DESY for the TTF
FEL project[20].

A very attractive alternative to these planar undulators are helical undulators. They radiate
circularly polarized photons, which is of interest for some users, and, as a rule of thumb,
they need to beonly half as long as planar devices. Finally it is noted that there is again a
common interest with Linear Collider R&D. A 35 m long wiggler and a 150 m long helical
undulator are of interest for a high brilliance positron source[21].

6. PHOTON BEAM PROPERTIES

The prediction of photon beam parameters of XFELs is based on both an elaborate theory,
see e.g. [22-25] and various computer codes [26]. Figures 5,6 and Table 2 contain
characteristic parameters based on electron beam parameters compiled in Table 2. The
values quoted on the FEL performance should be used as a guideline only, since there is -
no experimental experience yet in this wavelength regime. As mentioned before, the
average brilliance generated by each undulator is accordingly smaller than the number
quoted if the electron beam is distributed to many undulators.

—
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There is a radiation property that is not mentioned in Table 2 called superradiant spiking

[10]. Due to the statistical character of the start-up from noise, the XFEL radiation
intensity is not homogeneously distributed along the pulse length but concentrated within
ultrashort pulses as long as the cooperation length L. This length is typically about 1000 -
times the photon wavelength, i.e. much shorter than the bunch length. The intensity of
these spikes is randomly distributed between zero and twice the average intensity{27].
There is no phase correlation between these spikes, so the spike length reflects the
jongitudinal coherence of the radiation. A fully 3D computer simulation[28] of the start-up
process is still missing, and it might be one of the most urgent enterprises to be undertaken
to reliably predict the performance of future XFELs.

Brlliance values as a function of photon energy for SBLC and TESLA in Figs. 5,6 all

assume the same electron beam quality and 20 GeV beam energy, so the photon energy is

adjusted by appropriately choosing the undulator parameters, This results in decreasing

brilliance with increasing photon energy. Since at SBLC/TESLA the electron energy is a

free parameter, one could think of compensating this tendency by increasing the beam

energy for increasing the photon energy. To a certain extent this is indeed possible, but
there are two effects that deserve attention:

1. At this energy level there is a large contribution of spontaneous synchrotron radiation,
which both detunes the resonance condition and represents a significant source of
background to the FEL radiation. For a 20 GeV beam this spontaneous undulator
spectrum is included in Figs. 5,6 to illustrate that the peak brilliance even of the
spontaneous radiation exceeds that of 3rd generation synchrotron radiation sources by
many orders of magnitude.

2. One might think that with increasing electron energy it should be possible to tune the
XFEL to shorter and shorter wavelength. There is however a sertous limitation due to
the quantum fluctuation of spontaneous radiation[24]. For any set of electron beam
parameters and tolerable undulator length there is an absolute minimum of photon
wavelength which occurs at a finite electron energy. For quite optimistic electron
parameters and |, = 200 m this limit is 0.5 Angstrom.

Thus there are two potential ways to make use of the high electron beam energy that is
available at a Linear Collider: To increase the XFEL brilliance at a not too small
wavelength, or to use the spontaneous undulator spectrum in the hard X-ray regime that
can extend up to the multi-MeV range and that provides spectacular bnlliance values even
without any FEL process.
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Figure 1: Sketch of a coherent X-ray source based on a linear collider installation. The beam
can be extracted at any energy between 2 and 250 GeV and is transferred inside the linac tunnel
10 the X-ray lab located close to the interaction points (I.P.). Multiple exiraction lines could be
utilized in parallel, so that various beam energies are available in the X-ray lab quasi-
simultaneously. The XFEL electron beam is provided by an rf gun followed by a sequence of
bunch compressors, while the electron (positron) bunch for collider physics is extracted from a

damping ring.
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fransfer-tunnel for two bearmlines f o
from main inac funnet

Figure 2: Beam switchyard distributing two electron beam lines of various energies to
different undulators. This distribution can be done within each electron pulse train, so
that each undulator still gets a (though ‘diluted ) pulse train with some 10 Hz train
repetition rate. The scheme sketched here can be extended to serve many more
undulators.

bunch charge/nC
A HEP bunch frain:
HSOx?OOnsxénC

FEL bunch frain: '
11315x93nsx 1 nC 5
fii

1+ {} 1>
—>|O.8rm|<— t
= 100 ms N 100 ms —
gradient
A
251
1} / 1>
t

Figure 3: TESLA pulse structure for high energy physics and X-ray operation.
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AC-to-beam efficiency for FEL operation vs. acc.

gradient
40.00
- » eta{AC-{o-beam), 50%
35.00 + s T . u HOM @2K
= 3000 + u .« * o n meta(ACHo-beam), 10%
T 25.00 1 - . ® s L. N HOM @2k
Q 'Y o
C 20.00 +
hl .
o 15.00
% 1000 1
5.00 4
0.00 : : : i !
0 5 10 15 20 25
g-FEL / MV/m

Figure 4: Overall efficiency 1uc.ioseam Jor the FEL operation mode Jor the two cases 0}
either 10% (squares) or 50 % (dots) higher order mode (HOM) losses at 2K [5].

When | Where Wavelength | Objectives

1996 |UCLA 10 -20 um | start-up, growth rate [12]

1996 |Los Alamos Ntl. Lab. 16 pum start-up, growth rate {13]

1997 (BNL 209 pm |start-up, growth, saturation, tapering, short

bunch, superradiance, harm. generation [14]
1998 |DESY TTF FEL Phase 1 |50 - 100 nm| start-up, gain length, saturation [15]

1999 | Spring-8 (if funded) 20 nm start-up, gain length, saturation? [16]

2000 |DESY TTF FEL Phase 2 |6 nm start-up, gain length, satur., superradiance,
harmonics....[USERS [15]

2000 |SLACLCLS (if funded) [0.1-5nm [dto., USERS [17,18]

=>2000 | Linear Colliders (if funded){ 0.1 - 6 nm |dto., USERS

Table 1: Overview of linac based FEL projects relevant to pave the way towards short
wavelength lasers.
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Figure 5: Spectral peak brilliance of XFELs based on SBLC and TESLA linear colliders
logether with that of third generation synchrotron radiation sources and the LCLS Free
Electron Laser project discussed at SLAC, Stanford, USA. For comparison, also the
spontaneous spectrum of an XFEL undulator at 20 GeV is shown. The peak brilliance of state-
of the-art plasma lasers is also noted.
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Figure 6: Spectral average brilliance of XFELs based on SBLC and TESLA linear colliders
logether with that of third genmeration synchrotron radiation sources and the LCLS Free
Electron Laser project discussed at SLAC, Stanford, USA. For comparison, also the
spontaneous spectrum of an XFEL undulator at 20 GeV is shown,
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Variable Unit SBLC TESLA
rf frequency GHz 3 1.3
optimized acc. gradient for X-ray operation MV/m 17 17

linac repetition rate f,, for X-rays Hz 50 5

bunch length (rms) fs 80 80
bunch spacing ns 3.33 93
number of bunches per train 600 11315
bunch train length us 2 1050
bunch charge nC 1 1
normalized emittance 7 mrad mm |1 1
electron beam size at 20 GeV (rms) {m 23 23

pulse beam current mA 300 11.9
average beam current mA 0.03 0.059
duty cycle % 0.01 0.5
average electron beam power at 20 GeV MW 0.6 1.18
over-all power efficiency AC to beam % 8.9 28
typical saturation length (planar undulator assumed) m 50-100 50-100
photon energy range keV 1-~20 |1- ~15
Pgqt (saturated power) GW 10-100 |10-100
photons per bunch E+12 0.5-50 [02-50
peak flux [photons/s/0.1%BW] E+24 2-270 1-270
average flux [photons/s/0.1%BW] E+16 2-300 0.2-150
peak brilliance [photons/s/mm%mr/0.1%] E+32 1-100 {1-100
average brilliance [photons/s/mm*mr/0.1%] E+24 1-100 0.1-50
typical opening angle (rms) urad 1 1

typical source diameter (rms) #m 20 20

Table 2: Parameters for coherent X-ray operation with SBLC and TESLA.
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TESLA FEL photo-injector simulations giving high quality beams

J. L. Coacolo, C. Pagani, L. Serafini
INFN - Milano, Lab. LASA. Via F. Cervi 201
20090, Segrate (Milano) Italy.

Abstract

To obtain a high brightness beam for the TESLA
FEL project, operating in the VUV region, a photo-
injector providing a high quality beam is needed,
i.e, the rms radial and longitudinal emittances must
be respectively of the order of 1 mm.mrad and 20
mrm.KeV [1]. With these drastic conditions we can’t
use an analytical model with some approximations
or scale laws, a refined study of the beam dynam-
ics with a numerical code is necessary. The quality
optimnization is all the more difficult since many pa-
rameters play a role in the beam dynamics. The
beam dynamics is simulated by the numerical code
ATRAP {Acceleration and TRAnsport of Particles)
[2]-[5), using the Liénard-Wiecherl’s equations to
describe the self electromagnetic field. To reduce
the total time of this optimization we have chosen
the rf peak field on the cathode, between 40 and 60
MV /m, high enough to decrease the space charge ef-
fect and not to high, to avoid the defocusing effect
of the rf field. In this paper we show the influence
of the different parameters on the beam quahity.

1 Introduction

To minimize the multipole components of the elec-
tromagnetic field in the 1.3 GHz RF cavity, a design
with a coaxial input coupler, figure 1, has been pro-
posed [6]. The optimization of the beam quality
is not easy, since many parameters play a role in
the beam dynamics. For a photo-injector with a
solenoid, there are 6 main parameters [7], three of
them characterize the space charge field (Q, o, o)
the others deal with the accelerating and focusing
fields (Eq, vrp, Bo). With regard to the beam pa-
rameters, a part is fixed by the project. The beam
charge is 1 nC, the micro pulse rise time of the laser
Nd:YLF is b ps then the pulse length o = 3 ps. The
beam length at the wiggler entrance must be 50 pm.

Bucking coil Wave guide

Photo-cathode

Solenoid

Figure 1: General scheme of the TESLA FEL gun.

To optimize the transverse emittance, the uniform
longitudinal distribution is better than a gaussian
distribution, because the radial component of the
space charge force in the beam, is less dependent
from the longitudinal position. Unfortunately the
laser beam distribution is close to a gaussian. If
we take a longitudinal superposition of pulses, we
have a near flat top distribution, a compromise be-
tween the uniform and the gaussian distribution.
We have chosen a superposition of 3 pulses, because
il is the minimum number given a respectable flat
top distribution, and a reasonable number, to ob-
lain a beam length of 50 pm, at the wiggler en-
trance, after three magnetic compressions. In Ref.
[8], we have changed the free parameter, which is
the gap between two gaussian center, showing that
a 7 ps gap (figure 2), with a £ 5% fluctuation on
the flat top, is better than 5.5 ps (the minimun gap
{o have a respectable flat top) for the radial emit-
tance. This result is due, in great part, to the fact
that the ratio between the rise time and the to-
tal duration is smaller in the case "7 ps”, and the
negative tail effects on the transverse emittance are
reduced. Afterwards, we consider only the case "7
ps”. As the profile is a gaussian sum, and we can’t
consider all the particles , we need to cut the dis-
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tribution tails. In our calculations we use a charge
distribution ranging from +3e¢y before the first and
the last gaussian maximum, to avoid unphysical ef-
fects induced by charge discontinuity. Therefore the
temporal length [8, 9] is 2{Apeak+3a,), Apeak be-
ing the gap between two gaussian maxima.
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Figure 2: Beam temporal distribution, cases ”5.5
pS”, ”7 pS”-

The radial profile is taken as uniform, because this
is achievable with a truncated gaussian distribution.
The different parameters are summarized in the ta-
ble 1.

Table 1: The ATRAP simulation parameters.

Charge 1nC

Eqy 50 MV/m

Thermal emittance (. mm.mrad

Radial profile uniform

Temporal profile gaussian superposition
number 3

oy 3 ps

Apeak(?) 7 ps

Launch phase(2} -340

(1) Apeak is the gap between two gaussian centers.
(2) Launch phase is the phase gap between the
beam center exit and the maximum peak field on
the cathode.

2 Transverse rms emittance

Since the current in the beam tails is small, we ex-
pect that it contributes weakly to the FEL inter-
action. For this, the transverse emittance is calcu-
lated over 2{Apeak+20¢), as shown in the figure 2
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(the two vertical lines). The corresponding charge

is 0.98 nC.

The definition of the transverse rms emittance is :
1

2me

& V<t ><pl > — < rp, >2,

(1)
with p, = ymdr/dt. In figure 3, the minimum value
of £, in the drift space after the gun exit, is plotted
for different beam radii in function of the solenoid
peak field. The minimum is between 1. and 1.2
mm.mrad, for a radius smaller than 2.5 mm, what
is very close to our objective. In Ref. [8],[9] we
have shown that the transverse emittance laking
into account the total charge, is between 1.6 and 2.
mm.mrad for the same sets of parameters that pre-
viously. This result shows that the 2% of the charge
at the limits of the initial distribution, if taken into
account, increases the transverse emittance value
by more than 40%.

200 e B —
T A ‘R=1mm ~—
= LA B B=1.5mm +-
SRl I e B TR Y mm e
E 4 R=2.5mm
@ 1.604d AR B0 e
2 4 * \!"w
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E 20 £ \ / ]
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0.80 I i I
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Figure 3: Minimum Transverse rms emittance for
98% of the charge, versus the magnetic peak field,

3 Longitudinal rms emittance

For the definition of the longitudinal rms emittance
we have taken :

£, = C\/'( Az >< Apt>—< AzAp, >2, (2}

with Ap, = p, —5;, Az =2 —7%, and p, = mfBec.

Figures 4 shows the longitudinal rms emittance, ¢,
for 98% of the charge, when the radial emittance
is minimum, as a function of the magnetic peak
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field. These different curves have large fluctuations,
because :

¢ all these points are not at the same position,
£, minimum moves with the magnetic field,

o the longitudinal emittance is greatly depen-
dent on the rms radius evolution.

We see that we can obtaing, < 20mm.KeVior R <
3 mm. Therefore, with the two previous curves, the
simulation shows that our objective is reached for a
radius less than 2.5 mm.
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Figure 4: £, for 98% of the charge, when ¢, is min-
imum, versus the magnetic peak field.

4 On cathode rf field influence

Figure 5 shows the optimized transverse rms emit-
tance versus the magnetic peak field for the case
3 (R = 1.5 mm), and for three different values of
the maximum rf electric field Fy on the cathode.
We see that the magnetic field values scales as the
rf peak field, because the focusing effect varies like
B?/+* and, to keep the same beam evolution, the
magnetic peak field must be a growing function of
the energy.

We see that the case Eg = 50 MV is the better case.
We can explain this by the fact that increasing the
peak field on the cathode the space charge effects
decrease, but the rf field effects go up.

Figure 6 shows the longitudinal rms emittance in
function of the magnetic peak field at the longitu-
dinal position where the radial emittance is mini-
mum. We see that for a maximum rf field on the
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Figure 5: Minimum Transverse rms emittance for
98% of the charge, versus the magnetic peak field.

cathode between 40 and 60 MV, ¢, is always less
than 20 mm.mrad.
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Figure 6: Longitudinal rms emittance for 98% of

the charge, when £, is minimum, in function of the
magnetic field.

5 Conclusion

The results exposed in this paper, show that we
can have g, & 1 mm.mrad and £, =~ 20 mm.KeV
at the TTF gun exit with a charge of 1 nC. An
unconventional temporal distribution like a gaus-
sian superposition with o, = 3 ps, and a flat top
fluctuation close to 5% gives 1. mm.mrad for the
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transverse rms emittance, if we consider only 98%
of the beam charge. We have proved [9] that, using
a proper matching of the beam into the first 9 cell
SC TESLA cavity after the photo-injector, one can
accelerate the beam up to 15 MeV, decreasing even
further £,, at the booster exit. But, with regard
to the longitudinal emittance, al the capture linac
exit we obtain 40 mm.XeV. In fact the beam is too
long and it seemns necessary to reduce the rms pulse
duration to 2 ps, if we want to operate with this
kind of profile.
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Abstract

In this paper we consider a way for constructing a high intensity, monochromatic, polarized gamma-source at
ESRF. The priuciple of operation of the gamma-source is Compton backscattering without knock-out the elec-
trons off the beam. The source of primary photons is high power infrared free electron laser operating in CW
mode. The driving beam for the FEL is produced by the accelerator constructed en the base of LEP 2 supercon-
ducting cavities, The average flux of the gamma-quanta is about 10'® ™!, The gamma-quanta energy is tunable
in the range from several MeV up to ~ 60 MeV. The energy resolution of the gamma-source is limited by the
finite angle spread in the electron beam and is about 1 %.

Such a gamma-source could form a part of an FEL radiation complex at the ESRF. The heart of this complex
is powerful tunable infrared free electron laser. Such a complex may extend significantly the radiation spectrum
available at the ESRF for longer wavelengths {down to 100 pm) and for hard y-rays (up to several tens of
MeV). This will allow to extend the scope of experimental researches with the following directions: extension
of synchrotron radiation researches with “two colour” experiments for studying chemical reaction dynamics and
molecular spectroscopy, researches in nuclear physics {intensive gamma-source) and researches using powerful
infrared radiation.

1. Introduction possible to construct y-sources at storage rings with
an ultimate flux of photons up to 10 -quanta/s.
As a rule, energy acceptance of high energy siorage The main essence of the idea is to provide precise
rings is about one percent of the nominal energy. It synchronization of the FEL radiation pulses with the
means, that when the deviation of electron energy lies electron bunches rotating in the storage ring. Tech-
within the energy acceptance, it does not leave the nical realization of this idea assumes to use super-
separatrix and its energy is relaxed to the equilibrium conducting driving accelerator for an FEL oscillator.
value within the damping time of synchrotron oscil- The frequency of the accelerating RF field should be
lations. Absolute value of the energy acceptance is identical to that used in the RF system of the stor-
rather high. For instance, for LEP2 it constitutes age ring. At the present day state-of-art in supercon-
the value about 1 GeV. A. Hofmann was the first ducting accelerator and FEL technology it is possible
who noticed that this feature of high energy storage to construct free electron laser cperating in infrared
rings could be used for construction of a high inten- wavelength band with the peak and average radiation
sity gamma-source [1]. The idea was to produce - power about 10 MW and 1 kW, respectively [4] which
quanta by means of Compton backscattering of laser reveals the possibility to achieve the above mentioned
photons on the electrons. The laser light wavelength flux of y-quanta.
is chosen in such a way that after the scattering the
electron does not leave the separatrix. Because the The gamma-source based on Compton backscatter-
probability of the scattering is rather small, energy ing possesses several significant advantages with re-
ozcillations are damped prior to the next scattering. spect to traditional ones. First, the Compton spec-
The proposed source operates in a ”parasitic® made trum has a sharp maximum and the largest fraction
not interfering with the main mode of the accelerator of photons is in the high energy region. Second, there
operation. As a rule, the laser light wavelength should is definite energy-angle correlation of scattered pho-
be in infrared wavelength band, which is covered only tons and the process of Compton scattering is well
by free electron lasers [1]. described by analytical formulae. Third, there is a
In refs. [2, 3] it was shown that it is technically possibility of steering the polarization of the backscat-

>



Table 1: Parameters of the ESRF storage ring

Energy 6 GeV
Circumference 844.39 m
Number of bunchest?) 16

Bunch spacing 175.92 ns
Beam current 80 mA
Number of electrons per bunch 8.8 x 10
Buunch length 0.6 cm

Horizoutal emittance
Veriical emittance

4% 1077 ¢m rad
4 % 107 ¢m rad

Energy acceptance 1%

RF {requency 3522 MHz
Synchrotron damping time 3.6 ms
Natural rms energy spread 1.06 x 1073
Horisontal 3'%} 26.85 m
Vertical 12.85 m

t2) 16-bunch mode of operation
®) Undulator straight section
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Table 3: Parameters of free electron laser

Electron beam

terd 4-quanta by the steering the laser beam polariza-
tion. Unique features of the v-source (high intensity,
monochromaticity and polarization) together with the
latest achievements in the polarized target design will
reveal an opportunity to perform a wide range of com-
pletely novel experiments in nuclear physics dealing
with polarization phenomena.

2. Free electron laser

In this paper we consider possible design of the FEL
oscillator synchronized with the time structure of elec-
tron bunches in the ESRF operating in 16-bunch
mode (see Table 1} [7]. Thus, the repetition rate of
the laser pulses should be equal to 5.684 MHz.

Table 2: LEP2 cavity parameters

RF frequency 352.2 MHz
Operating field 6 MV/m
Operating voltage 10.2 MV

Number of cells 4

Effective length (four cells) 1.7 m
Modular length (between

cryostat flanges) 282 m
R/Q (R = V?/2P) 232 (1/2)
Field flatness tolerance §E/<E> #5 %

Qo at operating field (4.5 K) > 3.2 10°
RT losses at 6 MV/m and 4.5 K < 70 W
Cryogenic standby losses per

complete module < o0 W
Q.x: of RE coupler (nominal) 2 % 10°

3%

RF frequency 350.2 MHz
Energy, & 20 ... 40 MeV
Peak current, [ 50 A
Energy spread 150 keV
Normalized emittance. €n 10 mm-mrad
Micropulse duration 30 ps
Micropulse repetition rate 5.684 MHz
Mode of operation CW
Average beam current 9 mA
Average beam power 180 .. 360 kW
Undulator
Undulator period, A, S5cm
Undulator field, H,, 1.5 ... 4.5 kGs
Number of undulator periods, N, 40
Optical resonator
Radiation wavelength, A 5... 50 um
Resonator length 26.39 m
Curvature radius of mirrors 13.1m
Radiation power losses 10 %
Efficiency 0.8 %
Peak radiation power §..16 MW
Average radiation power 1.4 .28 kW

2.1. Accelerator

The driving accelerator for the FEL is constructed
on the base of LEP 2 superconducting cavities (see
Table 2) [5]. Four cavities provide energy gain up to
40 MV with the average power in the beam more than
300 kW. RF frequency {352.2 MHz) is identical to that
used in the RF system at ESRF, thus synchronization
of laser and electron bunches is provided.

The electron bunches (pulse duratior 1.5 ns, peak
current 1.5 A, average current 9 mA, pulse repetition
rate 5.684 MHz) are produced by a gridded electron
gun. Then the electron bunches are fed into a sub-
harmonic buncher consisting of two coaxial resonators
operating at 6-th and 3-rd subharmonic frequency, re-

“spectively. Then the bunches are accelerated up to

final energy.

2.2, Undulator and optical resonator

General parameters of the FEL oscillator are pre-
sented in Table 3. The undulator is a steel-SmCos hy-
brid one with the following parameters: period Aw =
5 ¢cm, number of undulator periods N = 40. Field am-
plitude changes in the limits 0.15 T < B < 0.45 T.

Optical resonator is formed by two spherical cop-
per mirrors (radius of mirror curvature is equal to
13.1 m and aperture — 30 em). The resonator base
is equal to 26.39 m and Rayleigh length is equal to
Ly ~ 1 m. One of the mirrors has a hole for radiation



output. Total resonator losses are equal to 10 %. A
peculiarity of such a resonator consists in the rather
large resonator length which is connected with the low
micropulse repetition rate.

At optimal choice of the resonator losses {ie. at
optimal choice of the size of the output hole), the FEL
efficiency at saturation is equal tonp ~ 0.3/N ~ 0.8 %.
Peak and average output radiation power are equal to
8 MW,

A project for an FEL oscillator with parameters
close to those required has been developed at LBL

(4].

3. Parameters of the <-quanta source at

ESRFE

High energy 9-quanta are produced by means of
Compton backscattering of the laser photons by the
high energy electrons. The energy of the backscat-
tered y-quanta is considered to be less than the en-
ergy acceptance of the storage ring. The frequencies
of the incident and scattered photons, w and wy, are
connected by the relation (in the small-angle approx-
imation):

by = 497 ke /(1 + 728%), (1)
where 8 is the scattering angle, v = £/m.c? is the
relativistic factor, m. and £ are the electron mass
and energy. respectively.

The focusing of the laser beam on the electron beam
is provided by the mirror installed apart from the elec-
tron beam trajectory. Under the conditions of opti-
mal focusing [6] the flux of gamma-quanta is given by
expression [2):

dN-l;l'lﬂ.)(

2Wear
A
dt

he? !

= N.Npf

(2)

where N, and Ny are the number of electrons in the
bunch and the number of electron bunches circulat-
ing in the storage ring, respectively, W is peak power
of the laser radiation, 1/f, is the revolution time of
the clectrons in the storage ring, or = 8xr2/3 and
re = €% /m.c®. Factor A is equal to unity when the
laser beam spot size at the conversion point is much
larger than the transverse size of the electron beam.
Analysis of the parameters of the existent storage
rings shows that in some cases it is difficult to ful-
fill this condition due to a relatively large value of the
horizontal emittance. When the laser beam spot size
i larger than the vertical size of the electron beam
and smaller than the horizontal one, factor A is ap-
proximately equal to the ratio of the laser beam spot
size to the horizontal size of the electron beam.

Main parameters of the electron storage ring ESRF
are presented in Table 1. The energy acceptance of
the storage ring is about 1 %, so the maximal energy
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of y-quanta is about 60 MeV, and the wavelength of
the primary photons should be X 2 10 pm.

Bunch separation in the 16-bunch mode of oper-
ation is 175.92 ns. [Each time when the electron
bunches pass through the focus of the mirror, they
scatter the laser photons. In accordance with for-
mulae (2}, parameters of the laser radiation and the
electron beam parameters at conversion point (see Ta-
bles 1 and 3}, we obtain the maximal flux of gamma-
quanta to be about dN./dt ~ 3 x 10" 57! (see Ta-
ble 4).

Table 4:
ESRF

Parameters of the gamma-source at

Maximal energy of y-quanta 6 — 60 MeV

Average flux of ¥-quanta 10" 7!
Angular divergence 85 prad

Energy resolution 1%
Polarization linear / circular
Repetition rate 5.684 MHz
Pulse duration 0.2 ns

Due to the angle-energy correlation of the backscat-
tered <v-quanta (1), the monochromatization of «-
quanta could be provided by angular selection.
The angle spread in the electron beam, (o¢)xy =
v/ €x.y/Bx.y, limits maximal degree of monochromatic-
ity. Vertical emittance of the beam is usually much
less than the horizontal one, so maximal degree of
monochromaticity is given by:

(Dhwy )/ hwy = (vo02)? /2. (3)

FEL radiation, used as a source of primary pho-
tons, is always totally polarized: linearly or circularly
for a planar or helical undulator, respectively. In the
case of circular polarization of the laser beam, spec-
tral density of backscattered gamma quanta is given
with the relation:

+ _

-‘EQTT- o €%, %— o (4)

where £ = huw,/(hwy)max and notations N1 and
N7~ correspond to the right and left helicity of the
y-quanta. This relation means that there is definite
correlation of the energy of the gamma quantum and
its polarization. Thus, the angular selection provides
not only monochromatization, but determines also the
polarization of gamma quanta.

When designing the gamma-source one should take
care of an additional energy diffusion in the electron
beam arising due to the process of multiple scatter-
ing. The coefficient of energy diffusion is given by the
formula [2]:

d(5E/EY?
T

(1 - 6)2:

448 2 A P W S
T me 8

(5)

Mec?



where A¢ = h/mec.

Let us consider specific example. The laser light
wavelength is 23 um which corresponds to maximal
energy of y-quanta of 30 MeV. Using angular selec-
tion, the energy monochromatization about 1 % could
be achieved. Within this energy window, in the vicin-
ity of maximal energy, the polarization of y-quanta is
close to 100 %. At average flux of y-quanta of 101 572
tms energy spread in the electron beam is 1.2 x 10~2
which is only by 10 % larger than the energy spread
in the unperturbed eleciron beam ({see Table 1).

4. A concept of radiation complex at ESRF

The intensive gamma-source described in the previ-
ous section could form a part of an FEL radiation
complex at the ESRF. The heart of this complex is
powerful tunable infrared free electron laser. Such a
complex may extend significantly the radiation spec-
trum available at the ESRF for longer wavelengths
{down to 100 pm) and for hard v-rays {up to sev-
eral tens of MeV). This will allow to extend the scope
of experimental researches with the following direc-
tions: extension of synchrotron radiation researches
with “two colour” experiments for studying chemi-
cal reaction dynamics and molecular spectroscopy, re-
searches in nuclear physics (intensive gamma-source)
and researches using powerful infrared radiation.

In our opinion, the ESRF is the most optimal place
for constructing such an FEL radiation complex. This
is connected with the international status of the In-
stitute, excellent parameters of the storage ring and
well developed infrastructure. If such a facility will be
constructed, it will be unique one in the world.

The proposed facility will consist of two parts: pow-
erful free electron laser and user facility. As for the
free electron laser itself, now there is firm technical
base for its construction. The driving accelerator for
the FEL could be constructed on the base of LEP 2
superconducting sections [5]. There exist also well de-
veloped technical solutions for the injector of the ac-
celerator, undulator and optical resonator design [4].
Another fraction of equipment to be built, is the users
equipment. The volume and the cost of the equip-
ment required can be determined only after the step
of elaboration of scientific program for this complex.
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Emittance Growth due to Wake Fields on
Curved Bunch Trajectories

M.Dohlus, T. Limberg

Deutsches Elektronen Synchrotron Notkestr. 85, 22607 Hamburg, Germany

1 Introduction

A new generation of accelerators, particularly linacs used as FEL drivers or
for linear colliders, pushes the single bunch peak current into the kilo-Ampere
regime by compressing the bunches longitudinally to 100um length and be-
low. This compression is done in ’bunch compressors’ magnet chicanes or
arcs where particles of different energy have different path lengths so that
the bunch length can be adjusted by inducing a longitudinal energy gradient.
‘To keep that gradient within reasonable limits, the path length difference per
particle energy offset must not be too small, which, given overall length lim-
itations, can necessitate the use of bending magnets with relatively small
bending radii (of the order of meters).

If short bunches travel along trajectories with small bending radii a simple
geometrical condition permits strong longitudinal and radial wake fields to
act on the bunch: electromagnetic fields emitted by a particle can "overtake’
on a shorter straight trajectory and interact with particles which ahead in
the bunch. The bunch then starts to radiate coherently. This eflect is char-
acterized by the ’overtaking length’, the length the bunch needs to travel on
its curved trajectory to allow particles to interact via ’overtaking fields’ with
others one sigma ahead [6]. It is given by pure geometrie; by the difference
in length between a circular orbit and its cord:

L, = (240,,R2)" ¥

4y
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with o, being the bunch length and R the bending radius. At the storge ring
HERA, this length is hundreds of meters and the effect can be neglected.
However, in the bunch compression section for the first stage of the SASE-
FEL at the TESLA Test Facility [1], a chicane of four dipole magnets with
a bending radius of 1.5 meter and a bunch length of 250um, it is only about
a quarter of a meter.

The calculation of the wake fields is described in the next chapter. The
calculation of fields, or forces to test particles for a source charge distribu-
tion in circalur motion has been done by many autors e.g. transversal effects
[2, 7], transversal effects with shielding (3], longitudinal effects {6, 8], longitu-
dinal effects with shielding (infinitely conducting parallel plates} [§], (toroidal
chamber) {4, 5]. Our approach is valid for a general path (e.g. straight lines,
curved trajectories and the transition from straight to curved or curved to
straight pathes).

The source bunch has no transversal dimensions (1D bunch) and does
not change its longitudinal profile (rigid bunch). Two- or three-dimensional
bunches are composed from one-dimensional line line charges. The simulation -
of the shielding effects due to infinitely conducting plates in the horizontal
plane is taken into account by mirror charges.

Chapter three describes the calculation of emittance increase for the
case of a bunch compressor in the TESLA Test Facility FEL. The longi-
tudinal variation of the wake fields cause a correlated bunch deformation in
longitudinal-transversal phase space. This can be quantified by a 'centroid-
emittance’, which interprets the bunch as a sequence of slices and yields the
width of the transverse distribution of the slice centroid coordinates. The
transverse variation of the wake acts on the bunch like any non-linear field
and causes non-correlated emittance growth inside the bunch slices.

2 Calculation of the Lorentz Force

2.1 Approach for 1D Bunches on a General Path

The action of the electromagnetic field caused by a source (index s) to a
charged test particle (index t) is described by the Lorentz force equation:

~F,=E +%xB, . (1)
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Using the scalar and vector potentials E; = --VV,— A‘S, B, = x /hl.s this force
can be split into two terms:

1 - » L
~Fi=V (5 A= V) + (-A,—AS (, V)) 2)
i - e - " -
1 = 1~
~ P z
s q Fay

As the space charge and current density distributions are determined the
scalar and vector potentials can be directly obtained from the retarded po-
tential equation. For a one dimensional bunch with the line charge density
A(s,1) = A(s — vst) which moves with constant velocity v, along the general
path 7;(s) the three dimensional vector potential integrations are reduced to
line integrals:

1 )\ A 2 AN gt
—FA: Tne / {E + ﬁ} (1 — B ﬁs) nds' (3)
1. 1 [EE-1) 7.5 .
“Fg, = sds’
el v / { T R T K “)
with £ = 7, — 7s(s'), 1L = R/R, B; = 0,/co, B; = ©/co, and A = Als" +
B;R — v,t). The mtegrals are solved numerically. The motion of the test

particle (or of an ensemble of particles) can be calculated from the equation
of motion and it can be verified if the asumed dynamic of the source bunch
is consistent. This formulation includes singularities at the location of the
line charge:

e transversal force o< A/~
e longitudinal force o< X' /4* and

¢ transversal (radial) force, independent of v, invers proportional to cur-
vature radius.

The first two contributions are usually called 'space charge forces’, the third
term has been calculated first by Talman [2] for the case of circular motion.
Due to the singularities the 1D bunch model cannot be used as source dis-
tribution for the simulation of particle motion. For a realistic simulation at
lcast the horizontal dimensions of the beam have to be taken into account (2D
bunch, see section 2.3) or better a fully three dimensional source distribution.
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2.2 1D-Examples

Tn Fig. 1 we have the simple case of a gaussian line charge on a circular path
with radius ‘R for -two different bunch lengths o,. The longitudinal wake
function scales as

W =4 !
1= (271')3/23‘/303/3}22/3

(at s = 0). Fig. 2 shows the transient behavior of the longitudinal wake as
the line charge enters a bending magnet. The typical length of the transient
zone is of the order of the ‘overtaking length’. The radial field, in comparison,
has a very shorl transient region (less than a centimeter).

In Fig. 3 the transient when leaving the bending magnet is shown. Note
that the bunch experiences longitudinal wake fields on the straight section
following the bending magnet for a distance comparable to the magnet length.

In Fig. 4 we introduce shielding by perfect conducting parallel plates.
For this purpose, the fields of a sequence of alternating mirror charges are
summed up. The longitudinal wake field is shown for different plate distances
or chamber heights (note that the bunch length in this example is 250 um).
The shielding starts to be effective if the ‘shielding length’

03 + h?
20,

L, =

is of the same order as the ‘overtaking length’ L,. L, is the path length for
the electromagnetic field from the emitting particle to the reflecting wall to
a particle o, behind it. & is the distance between the plates.

2.3 Approximation for 2D Bunches on a Horizontal
Path

The exact simulation of two dimensional bunches (in the horizontal plane) is
not possible with a rigid horizontal charge distribution. Otherwise particles
in circular motion, but with different radial offset would have a different
velocit. An approximation of the different motion of transversal slices of a
2D bunch is possible by simulating each slice by an independent 1D bunch.
To avoid the singularity at locations without transversal offset to the 1D
bunches, a smoothing technique is used, which can be applied if the motion
is restricted to the horizontal plane (x,y coordinates). Therefore the field of

Lil
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a subbunch v on the path 7, (with 7, - € = 0) is replaced by the field of a
bunch at 7, — Az&, for z > 0 and by the field of a bunch at 7, + Aze; for
z < 0. In this way a two dimensional charge distribution in the plane z = 0
is simulated. This corresponds to a horizontal density function

1 Az

722+ Az? (5)

glx) =
for a bunch in linear motion. The transversal Talman force of a bunch in
circular motion has a logarithmic pole with the same spatial dependency as
the ’space charge pole’ of a linear bunch. Therefore also for the circular
motion g(z) describes the horizontal charge density. A rough approximation
of a gaussian density with the horizontal width o, is obtained for Az =

»\/Q_/?O'h. Although the transversal shape of a sub bunch is not quite exact
defined and not consistent with the motion, the sumation for the total bunch
smears out the errors and converges {with incresing number of slices) to an
unique solution (see fig.5).

3 Emittance Growth Calculations

The field calculation for the bunch compressor simulates the bunch as a
set of gaussian line charges - each with a different energy, different initial
conditiones and an individual path. The rotation and the shortening in the
compressor can be exactly modeled. At this stage, the trajectories of these
sub-bunches are not eflected by the calculated fields.

An independent set of bunch slices, initially lined up, is traced through
the compressor and experiences the energy variations due to the longitudinal
fields and the transverse kicks due to the transverse fields. Due to the strong
longitudinal variation of the fields, the slice centroids follow different paths
and a ’centroid emittance’ developes.

To evaluate emittance growth at fixed longitudinal positions, the slice in
the bunch center is populated with an ensemble of test particles. Here, the
fields are evaluated at the transverse offsets of the test particles and applied
as energy and angle kicks.

The calculated bunch compressor consists of four half meter long dipole
magnets and half meter long drifts (the middle one is actually one meter).
The entering bearn has a normalized emittance of 1 mmmrad. At a f-function
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of 10 m that corresponds to horizontal beam sizes o, = 170uym and o =
17urad at the compressor energy of 150 MeV. The bunch enters with a length
of about 0.75 mm (one sigma) and an induced energy spread of about 0.3
% and is compressed to 0.25 mm at the compressor end. The maximum
dispersion is about 0.3 m and the maximum bunch width about 1 mm (one
sigma).

For the tracking, bending magnets and drift spaces (according to chapter
2 drift spaces are active elements!) are cut into slices and the fields are
calculated and applied at the end of each slice. Convergence test show that
for our case slice thicknesses of about 10 ¢cm are accurate within 10%.

Fig. 6 and 7 show horizontal and longitudinal beam sizes along the bunch
compressor. The RMS-values for the spread of the slice centroids are shown,
the increase in beam size for the test ensemble in the central slice, the bunch
length and the relative energy spread.

I'irst, the results show that our model is applicable: even in the case
without shielding the additional energy spread due to wake fields is small
compared to the one induced for bunch compression. The generated spread
of the slice centroids is for the most part of the compressor small compared to
the energy-spread dominated beam size. The increase in beam size of the test
ensemble in the central slice is even small compared to the incoming beam
size. So for this case it seems justified to perform the field calculation with
undisturbed sub-bunches as explained above. For even stronger fields one
needs a self-consistent tracking. The implementation into this code presents
no principle problem. However, it is questionable whether accelerators which
design parameters request such calculations are operable.

Second, it can be seen that in the case without shielding the centroids
develope RMS-values which are about equal to the incoming beam in the
case of position spread and about five times bigger in the angular spread.
The increase in beam size of the test ensemble in the central slice is small
compared to the initial beam size. So the slices would lase in the FEL, but
would point into different directions. A remedy for this is shown in Fig. 7
where the shielding effect of 2 10 mm high vacuum chamber is taken into
account. With an adjusted optics, the RMS centroid spreads are smaller
than the undisturbed beam size.

b6
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4 Summary

We present a complete treatment of the longitudinal and radial electromag-
netic forces acting on a bunch travelling on a curved trajectory. LEffects like
space charge forces, coherent synchrotron radiation ete. are implicitly in-
cluded. Based on this field calculation a tracking code was developed and
results for the bunch compressor at stage I of the TESLA Test Facility SASE-
FEL are presented. Emittance growth at fixed longitudinal bunch positions
is not a problem, but the bunch is coherently distorted in the horizontal-
longitudinal phase space. To reduce this effect to a negligible portion, the
vacuum chamber must be less than 10 mm high to provide sufficient shielding.

Formula Symbols
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Figure 1: Longitudinal and Transverse Wake
gaussian line bunch, ¢ = 50pm and ¢ = 250um, q = inC, R = 1.5m;
observation point: § =ordinate, dr =0, dz = 10um
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Figure 2: entering the magnet, longitudinal wake

gaussian line bunch, ¢ = 50um, ¢ = InC, R = 1.5m; observation point:
s =ordinate, dr = 0, 0z = 10um

curve 1: 2cm after begin of magnet

curve 2: Scm after begin of magnet

curve 3: 10cm after begin of magnet

curve 4: l4cm (interaction length)

curve 5: 18cm after begin of magnet

curve 6: steady state
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IMigure 3: end of magnet, longitudinal wake

gaussian line bunch, & = 50pum, ¢ = 1nC, R = 1.5m; observation point:
s =ordinate, dr = 0, Jz = 10um

curve 1: end of magnet

curve 2: 2cm after end of magnet

curve 3: Scm after end of magnet

curve 4: 10cm after end of magnet

curve 5: 20cm after end of magnet

curve 6: 50cm after end of magnet
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Figure 4: shielding by horizontal plates

gaussian line bunch, o = 250um, ¢ = 1nC, R = 1.5m; observation point:
s =ordinate, dr = 0, Jz = 10pum

curve 1: without shielding

curve 2: 15mm distance between plates

curve 3: 10mm distance between plates

curve 4: 8mm distance between plates

curve 5: 5mm distance between plates
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Figure 5: ‘[ransversal wake of a two dimensional gaussian bunch: o, = 50um,
o, = 100um, ¢ = 1nC, no energy spread, R = 1.5m; observation point: s = 0,
dr =ordinate, gz = Qum.

The bunch with the transversal width o, is injected to a homogeneous dipole
field. After a rotation of ¢ = w/2 the transversal spread is transformed in a
pure longitudinal spread. The transversal wakefield is observed after a rofa-
tion of ¢ = m when the bunch has again its initial transversal distribution.
The transversal profile is simulated by 20, 40 and 80 subbunches to demon-
strate the convergence of the transversal wake.
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Figure 6: Beam rms-values through the TESLA Test Facility bunch com-
pressor at 150 MeV
gs = 50— > 250pum, ¢ = InC, R = 1.5m;
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RF Gun design for the TESLA VUV Free Electron Laser

B. Dwersteg, K._Flottmann, J. Sekutowicz, Ch. Stolzenburg
DESY, Notkestr. 85, 22603 Hamburg, Germany

Abstract

A high brightness rf gun for the VUV FEL at the TESLA Test Facility is under
construction at DESY. Besides challenging beam parameters a high duty cycle of 1% is
demanded which requires a powerful cooling system. The rf and the mechanical design
of the gun cavity and a new symmetric input coupler are presented. Simulation results
and the emittance budget of the gun are discussed.

Introduction

The VUV Free Electron Laser at the TESLA Test Facility at DESY [1] requires an
electron beam of 1nC charge per bunch. The transverse and the longitudinal emittance
should not exceed 17 mrad mm and 20keV mm, respectively. A high brightness rf gun
capable of producing these beam parameters is currently under construction at DESY.
Besides the emittance requirements a duty cycle of 1% (Ims f pulse at 10Hz repetition
frequency) is demanded in order to take full advantage of the superconducting linac. The
normal conducting rf gun consists of a 1'/, cell cavity with coaxial input coupler and
solenoids for the compensation of space charge induced emittance growth [2] (see
Figure 1). The gun will be followed by a 9-cell superconducting booster cavity and a
magnetic bunch compressor.

The gun cavity works in a © mode at 1.3GHz as the main linac. It will be powered by a
5MW klystron, which allows to run the cavity up to the required gradient of 50MV/m
but leaves only about 500kW for regulation issues and transfer losses. The klystron will
later be replaced by a 10MW klystron (under construction) so that the gradient can be
increased while a sufficient margin for regulation issues will be kept.

The TESLA linac is designed for the maximum conversion efficiency of wall plug power
to beam power. While the TESLA pulse structure foresees 800 bunches of 8nC in one rf
pulse of 1ms it would be possible to accelerate up to 8000 bunches of 1nC within one rf
pulse for the FEL operation. The operation will start, however, with a maximum bunch
number of 800 per pulse.

The Photocathode and the Laser

The electrons will be emitted from a Cs,Te cathode illuminated by laser light of 263nm.
A cathode preparation chamber and a load lock system are under construction at INFN
Milan. The laser is designed and build at the Max-Born-Institut Berlin [3]. The decision
for both the cathode material and the laser material is governed by the high duty cycle of
the linac to be served by the gun. A cathode with high quantum efficiency (22%) is
mandatory in order to keep the average laser power below 2.0W.

The pulse length of 1ms is short compared to the time scale of cooling processes in the
gain medium of the laser. The varying temperature distribution in the gain medium may
lead to thermal lensing and to an unstable laser operation. Neodymium doped
Yttrium-Lithium Fluorid (Nd:YLF) has been chosen as active medium since it combines
a small thermal lensing effect with a high induced emission cross section and a relatively
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long fluorescence lifetime (480ps). A pulse train with the desired spacing is selected out
of the bunches in a pulse train oscillator working at 36MHz by means of pockels cells.
The light pulses will be amplified in a linear low gain amplifier chain and then quadrupled
in frequency. Relay imaging techniques in combination with spatial filtering will be used
to produce a radially uniform intensity profile. The longitudinal beam profile can be
adjusted by means of a pulse stretcher based on the method of splitting and overlaying
delayed bunches. A minimum (gaussian) pulse length of Sps FWHM is aimed for. The
option of reducing the rise time down to ~2ps by improved mode locking techniques will
be studied.

The gun cavity

An elongated half cell is known to improve the transverse emittance of an tf gun. For the
present design a half cell length of 0.28X has been chosen. An even longer cell improves
the transverse emittance but on the expense of the longitudinal emittance. The length of
the full cell has only a small effect on the emittance thus it has been set to 2.

The ratio of the iris radius to the iris thickness is close to 1 which gives a good
approximation to the optimized iris geometry found in Ref [4]. Opening the iris while
increasing the iris thickness facilitates the construction of cooling channels in the iris,
increases the heat conductivity of the iris and increases the cell-to-cell coupling. The
rather large value of 0.4% cell-to-cell coupling in the present design results in an
improved field stability on the cost of a somewhat reduced shunt impedance. The
sensitivity of the field to distortions of the cavity geometry which occur for example due
to thermal stress or due to a misplaced cathode plug are rather weak. Therefore it is
planned to build the cavity without tuning plungers. The coarse tuning will be made by
means of a deformation of the cavity while a fine tuning can be achieved by means of a
temperature variation of the gun. Due to the strong coupling a sufficient field stability is
expected. In addition beam dynamics simulations have revealed only small emittance
distortions over a range of E\/E,=0.7-1.5 (E,=field amplitude in the half cell, E,=field
amplitude in the full cell). Table 1 lists rf parameters of the gun cavity.

input power 4. 5MW
resonance frequency 1.3GHz
Q value 21500
max. gradient on the cathode 50MV/m
max. energy gain for a particle starting

with =0 on the cathode 5.6MeV

Table 1 RF parameters of the gun cavity.

Mechanical design and temperature calculations

The average heat load of the cavity amounts to S0kW which has to be removed by the
cooling water. The highest power density of 30W/cm?® occurs at the outer cavity wall,
however, the highest temperature occurs at the central iris due to the limited heat
conductivity of the copper. A system of cooling channels including also channels inside
the iris has been optimized based on numerical simulations of the temperature
distribution. The maximum temperature difference has been reduced to 30K. The
resulting distortions of the cavity geometry are negligible.
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The mechanical design of the cavity avoids both brazed connections in high field regions
and brazed connections between cooling channels and the vacuum system. All cooling
channels will be machined from the outside of the cavity, so that a reliable vacuum
performance is expected.

The input coupler

In order to avoid emittance growth due to field asymmetries a symmetric input coupler
has been déveloped. Previous calculations have revealed an -emittance contribution of
more than 1mwmrad mm for a conventional asymmetric input coupler. The symmetric
coupler is designed as a coaxial input coupler that couples to the cavity on the cavity
axis. Figure [ shows a schematic layout of the gun and the coupler. The electrons leave
the cavity through the inner conductor of the coaxial line. Asymmetric mode
configurations are strongly suppressed (at least by 1/Q) since the symmetry of the cavity
is not disturbed. Dipole modes which can be generated at the door knob transition are in
addition damped in the coaxial line. Therefore emittance growth due to field asymmetries
is negligible in the present design. A large diameter of the outer conductor has been
chosen for the coaxial line to avoid multipacting. A commercial, planar rf window will be
used provided that the high power tests which are under preparation are successful. The
new coupler design allows to place the focusing solenoid at its optimum position around
the full celi of the gun cavity since this area is not occupied by the coupler, In addition
the construction of the cooling channels is facilitated since the coupler connects to the
gun at an area of low heat deposition.

Cold test measurements

Aluminum models have been build to verify the cavity and the coupler geometry. The
inner conductor of the model coupler is adjustable in length so that the coupling could be
optimized. A VSWR of 1.15 has been achieved, i.e. only 0.5% of the power is reflected.
A 2D finite element code with third order approximation of the field function and
curvilinear mesh approximation was used for the design of the cavity [5]. Field profile
and frequency measurements revealed a great accuracy of the calculated geometry and
the manufacturing of the cavity. Only a small tuning was necessary to obtain a field
flatness of Ey/E,=1.02 at resonance frequency.

Magnet design

A conventional solenoid with iron return yoke will generate the required field of 0.22T
that is necessary to compensate space charge induced emittance growth. A bucking coil
is used to compensate the field on the cathode in order to avoid emittance growth due to
the conservation of the canonical momentum. The iron yoke of the bucking coil
penetrates into the aperture of the coil thus leaving only a small slot close to the cathode
(see Fig. 1). This design -copied from the Los Alamos design{6] - concentrates the field
near the cathode and allows to reduce the size of the bucking coil considerably. The
main solenoid will be placed on micro movers so that a precise alignment with respect to
the cavity axis can be achieved based on beam observations.

Simulation results and emittance budget

In order to optimize the beam parameters and the setting of the focusing solenocid
(position and strength) a simulation study has been performed with the PARMELA
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code [7] and with the ATRAP code [8]. Both simulations do not include the magnetic
bunch compressor behind the booster cavity. (The simulation of the bunch compressor
has been started.) Transverse and longitudinal emittances of 1z mrad mm and
20keV mm, respectively, have been achieved at InC charge but required an improved
rise time of the laser of 2ps. This improvement is in principle possible but requires
experimental experience with the laser system under development. With the design
parameter of the laser of Sps rise time transverse and longitudinal emittances of
1.87 mrad mm and 22keV mm, respectively, could be achieved which is sufficient for the
Phase I experiments of the TTF FEL.

An emittance budget has been set up in order to include effects which are not taken into
account in the simulations. Besides field asymmetries multi bunch effects [9] and field
distortions due to the cathode plug have been considered. An investigation of wake
fields is on the way. All these effects seem to be negligible in the present design. The
thermal emittance of the Cs,Te cathode has been estimated to be 0.76% mrad mm. A
detailed measurement of the thermal emittance is in preparation at INFN Milan.
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Geometrical Undulator Tolerances for the VUV-FEL at the TESLA Test Facility

B. Faatz, J. Pfliiger and Yu. M. Nikiting

Hamburger Synchrotronstrahlungslabor HASYLAB
at Deutsches Elektronen Synchrotron DESY
Notkestr. 85, 22603 Hamburg, Germany

ABSTRACT

The VUV FFEL, which is in its design stage at DESY, is a SASE device driven by a superconducting linac
with final energy of 1 GeV. A 30 m long undulator is needed to reach saturation. For practical reasons it is
built in sections of about 4.5 m length. In this paper, the specific problems related to this modular setup
of the undulator are studied. The main problem turns out to be the alignment of the different modules.
Because of the superimposed focusing (FODQO) structure which is used in the TTF undulator to keep the
electron beam radius small this problem is more severe than in a planar undulator without strong focusing.

1. Introduction

The goal of the TESLA Test Facility (TTF) FEL at
DESY is to reach saturation in a single pass through
the undulator starting from signal noise [1]. The
project ts divided In two stages. In phase I, the
energy of the electron beam will be 390 MeV, and
the minimum achievable radiation wavelength is 44
nm. Compared to phase 1I, where the electron en-
ergy is increased to 1 GeV, radiating at 6 nm, the
electron beam parameters can be slightly relaxed,
and the length of the undulator can be reduced from
30 m to 15 m. However, for an undulator with
this length, there are still severe engineering prob-
lems assoclated with both hardware manufacturing
and measurements of the magnetic fields. Therefore,
the undulator is subdivided mto modules of about
4.5 m length. This makes manufacturing and mag-
netic field measurements easier, but also 1mposes
tough requirements on the mutual alignment of the
individual modules.

Several studies have been performed on the influence
of such a modular setup so far [2-4]. For perfectly
aligned modules, the gain is changed due to diflrac-
tion of the radiation field and due to (de)bunching
of the electron beam in the drift sections. For
ideal modules, i.e., without magnetic field errors,
there can be either transverse or longitudinal mis-
alignment. For a planar undulator without external
focusing, this eflect on the gain is small. In contrast,
with a superimposed FODO-lattice, the overlap be-
tween radiation fleld and electron bheam is reduced
due to betatron oscillations. The maximum altow-
able misalignment error in this case is determined
by the maximum strength of steering stations and
the loss of overlap. Longitudinal misalignment re-
sults in a phase mismatch between electron beam

bo

and radiation field. All of these eflects have to be
investigated.

This paper is dedicated to phase [ of the TTF-
FEL project. Conservatively, the energy used for
simulations is taken equal to 300 MeV, resulting in a
radiation wavelength of 72 nm. In Sec. 2, results by
other authors are summarized and in addition some
practical relations are given for steering strength and
phase mismatch. In Sec. 3, results of sumulations
are presented. Finally, results are discussed and
conclusions are drawn.

2. Specification of modular undulator
geometry

For an ideal undulator, the two important rea-
sons for gain reduction due Lo intersection gaps are
diffraction loss and {de)bunching. Even Lhough the
latter can in principle enhance the gain, the effect
for a high gain FEL is in most cases ouly signif-
icant close to saturaiion, in which case the beam
debunches due to the large induced energy spread.
The situation is different for an optical klystron or
for long driftspaces, which are not considered here.
In Ref. 2, bolh effects have been described. For the
TTF parameters given in Table 3.1, the loss per in-
tersection due to diffraction is approximately 10%
for a Rayleigh length of 0.5 m. The coherence loss is
of the order of 20% per intersection. For both effects
to be small, the gap length has to be small compared
to the Rayleigh length and A-function, respectively.
In case of misalignment of different modules in the
transverse direction, the influence on the gain de-
pends on whether a FODO-lattice is used or not.



For a planar undulator without strong focusing, a
small translation or rotation of a module in an arbi-
trary direction results only in a minor change of the
electron trajectory. The relative change of undula-
tor period seen by the electrons due to a rotation
has to be small compared to the Pierce parame-
ter g in order nol decrease the gain. The situation
changes with strong focusing. Because a magnetic
axis i1s now well defined, electrons deviating from
this axis will perform a betatron motion. As a re-
sult, the overlap with the radiation field reduces and
the transverse momentum increases. If corrector
stations are available, one can consider redirecting
the electron beam along the magnetic axis per mod-
ule. ‘Thus, only overlap with the radiation field is
(partially) lost. The maximum strength per cor-
reclor 15 casy to calculate. If the distance between
the last corrector of a module and the first correc-
tor of the next module is Lg, then the transverse
displacement, Az, that can be corrected is given by

GAw = —B. L e = agkag (1)
e

with B, and L, the strength and length of the
corrector {steering) station, and Lg the length of
the gap between modules. If the module is only
rotated, then the results are the same if the rotation
angle is Az/L,, with L, the length of each module.
For a 300 MeV beam, which is studied in this paper,
an integrated corrector strength of 0.3 T mm can
correct. a 100 pum displacement over a drift length
of 0.3 m. In addition to the maxium strenglh and
the reduced overlap, the possible large transverse
electron beam velocity in the gap introduces an
undesired phase shifl between electron beam and
radiation field. I order for the electron beam lo be
in phase with the field behind the drift section, one
needs

Le (1 +(er) = Ay (l 4 9;) [1 + (ﬁ) ] (2)
2 T e

where the effactive energy spread is included to take
into account the red shift of the wavelength with
respect to the resonant wavelength. The factor »
may slightly depend on energy, and

=)@ )]

where it has been assumed that €. /8, = ¢,/8, [5].
The eflective energy spread is usually small, but it
is multiplied by an integer n in Eq. (2). If the
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Figure 3.1: Saturation length and saturation power
versus length of the intersection gap.

intersection gap is large, it may play a role. The
strength of a corrector station influences the required
length of the gap because it shifts the electron beam
with respect to the radiation field, which propagates
along the z-axis. In order to prevent this shift, a
displacement by Az perpendicular to the magnetic
axis should be compensated by a decrease of the
intersection gap length by

(Az)* 5
- A 3)

ALg =

where A, denotes the radiation wavelength. For the
forementioned displacement of 100 um, the decrease
of intersection gap length should be 11.5 mm for the
radiation wavelength and intersection gap given in
Table 3.1.

3. Results

Before investigaling misalignments, first results of
an increase of the length of the intersection gaps
is shown in Fig. 3.1. The saturation lenglh is
given in terms of undulator length minus the total
length of the gaps. The length of each uadulator
module has been kepl constant. In order to keep
the average f-function constant and smooth over
the intersections, the length and sirength of the
individual quadrupoles, and the FODO-period have
been changed for the different calculations. Phase
matching ol electron beam and radiation field has
been guaranteed for all calculations performed. The
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Figure 3.3: Power growth for three different dis-
placements of the third undulater module. Correc-
tors are used to keep the beam on the magnetic axis
at all time. Parameters are given in Table 3.1

increase in reduced saturation length when one uses
a drift space of 18X, is approximately 1.5 m.

As a first possible error, the influence of a vari-
allon i average undulator strength «, has been
investigated. Simulations for several values of the
Pierce parameter p have shown that no change is ob-
served when the change in @, between two modules
is smaller than p. As the difference becomes larger,
the saturation length increases. Only a change in g,
in the exponential gain regime has been investigated.

TESLA FEL-Report 1996-13

Table 3.1: Parameters used for simulation of the
TTF VUV-FEL

Electron beam

Energy 300 MeV
Peak current G600 A
Normalized rms emittance 27 mm
rms energy spread 0.17 %
External S-function lm
rms beam size in the undulator 57 pm
Undulator
Type Planar
Period 27.3 mm
Peak magnetic field 0497 T

| Magnetic gap 12 nun
Undulator section length 4.5 m
Intersection gap .30 m
FODO-lattice
Period 1.2 m
Quadrupole length 0.273m
Quadrupole strength 9.9 T/m
Radiation
Wavelength l T2 pm

One can easely calculate that for transverse dis-
placement larger than &0 pm, the saturalion length
increases due to a phase mismatch between the
electron beam and radiation field (see Eq.(2) with
parameters given in Table 3.1}, This is confirmed by
the simulation results shown in Fig. 3.2, where the
saturation length and saturation power are shown
for diflerent values of the transverse displacement
of the third module. The results are almost inde-
pendent of which one of the first three modules is
shifted. In all cases, steering stations al entrance
and exit of the modules are used to realign the elec-
tron beam to the magnetic axis. The length of the
intersection gap has not been adjusted to compen-
sate {or the phase mismatch. In Fig. 3.3, the power
growth along the undulator is shown for different
displacement of the third undulator module. A dis-
placement up to 20 pm did not need any correction:
it did not reduce the gain. For a displacement of
109 pm, radiation was absorbed due to phase mis-
match at the modules’ entrance. Tor 152 pm, the
dip in power is even more apparent. In addition,
the power growth was slower, prohably due to loss
of overlap.

bo



Normalized Gain
(=]
(-]
T
{ ]
\.
1 1

\ / 5

0.2} L ) -
\ »
o/
Q.0 1 n 1 " 1 n H 1 1 n
-,05 -0.04 -0.03 0,02 0,01 0.00 0.01
L. {m
AL (m)
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A final point to be addressed is the phase mismatch
due to effective energy spread. In order to enhance
this eflect and to be able to change the intersection
gap length by small amounts, the electron phase
equation has been changed in the TDA simulations
to include a matching field
k u’

w’=ku—-2$(l+7‘°+p'i) :
All other electron equations describe a pure drift.
The inclusion of ap gives a possibility to match the
phase belween electrons and field for any gap length.
For ap = 0, the original equations are recovered. For
ap = ty, the phases are always matched according to
the first order relation between gap length and phase
matching given in Ref. 2 (see also Eq. (2) without
effective energy spread and steering strength).
The length of the gap has been made larger than
the value given in Table 3.1 in order to enhance the
effect of a change in length, which is proportional
n in Eq. (2). Results are shown in Fig. 3.4. For
the TTF-FEL parameters, the gap length has to
be increased by approximately 2 mm, giving a 7%
larger gain.
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4. Conclusion

In case that the undulalor consists of several mod-
ules, a number of criteria have to be fullfilled.
Between diflerent modules, the average value of a,
should not differ more than by an amount p. Larger
differences will increase the saturation length. A dis-
placement of undulator modules by less than 20 pm
does not influence the FEL proces. The betatron
motion is small in this case. For any displacement
larger than this, correctors have to e used in order
Lo adjust the electron beam position to the magnetic
axis of each individual module. For displacements
up to 60 pm, there is no gain reduction after correc-
tion of the electron beam. For larger displacements,
both a plase mismalch between radiation field and
clectron beam, and a loss of transverse overlap he-
tween the two, give rise to an increase in saturation
length (see Eq. (1) and Fig. 3.2). One can compen-
sate for the phase mismatch by readjusting the drift
length by an amouni that can be calculated with
Eq. (3). .

The choice of the length of the intersection gap is
slightly influenced by the red shift of the radiation
wavelength compared to the resonant wavelength,
determined by the eflective energy spread (Eq. {2)).
For the TTT-parameters, this gives a length increase
of the gap by 2 mm, corresponding (o a phase
mismatch of 159 between field and electron beam.
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ABSTRACT

In this paper, the influence of undulator errors, more specific magnetic field errors, on the Free Electron
Laser performance is investigated. Both the influence of variation in undulator peak field and of dipole fields
resulting from misaligned quadrupoles, is considered. For these quantaties, upper limits are given, and the
mfluence of additional correction stations on the reduction in performance is studied.

1. Introduction

When building a Free Electron Laser (FEL) in the
visible and beyond, much effort is spent in getting
a small electron beam emittance and energy spread.
[n VUV and X-ray FELs, where high-reflectivity
mirrors are no longer available, saturation of the ra-
diation power has Lo be reached in a single pass
through the undulator. At DESY, the aim is to
reach saturation starting from signal noise. For
this process of Sell Amplified Spontaneous Emission
(SASE), an undulator with a length of ten to a hun-
dred meters is required for the power to saturate [1].
For an undulator with this length, undulator errors
can start to decrease the gain and thus increase the
saturation length. Detailed knowledge of the influ-
ence of undulator errors is needed in order to built
a device that limits the increase in saturation length
without imposing an unrealistically high undulator
field quality.

During the past decade, both analytical and nu-
merical studies have shown thal the {wo importari
parameters that determine the FEL performance are
the phase of the electron with respect to the optical
field, as well as the beam wander, i.e., the deviation
of the electron beam from the optical axis [2-10].
The first quantity determines the energy exchange
hetween electrons and the field, the second deter-
mines the transverse overlap belween electron beam
as a whole and the radiation field.  All undulator
crrors can be expressed in terms of these two phys-
ical quantities. Possible gain reduction due to the
modular setup of the TTF-undulator is the subject
of a separate paper. The aim of this study is to
determine the influence of hoth heam wander and
phase shake on the FEL gain as well as establish
some general idea how many steering stations are
needed per module in order to keep the electron

beam within some acceptable distance from the op-
tical axis. For the simulations, the energy of the
TTF-FEL of stage 1 is used, but the results are gen-
eral and can be applied to all T'TI" energies as well
as Lo other high-gain devices. In section 2, some
comments will be made on the possible field errors.
In the next section results of simulations for differ-
ent error distributions are shown. In the last section
the results are discussed and tolerances as well as
specifications for the undulator are given.

2. Sources of undulator errors

In the undulator for the TTTF-FEL, the intrinsic
errors are roughly

(1) magnetization direction errors.

(2) undulater period variation.

(3) magnetic peak field errors and quadrupole mis-
alignment..

All of these errors influence the resonance condition
(phase shake) and overlap belween electron beam
and radiation field (beam wander). The varialion
of resonance condition occurs even wlen the elec-
tron beam remains on the optical axis {non-steering
error). The second one is due to a non-zero mag-
netic fleld integral (steering error). Even for a very
poor undulator quality, sleering errors can be cor-
rected. The resonance condition is, however, given
with given undulator and determines the quality
that is needed for the undulator.

All errors can be described by an eflective varia-
tion in B, and a quadrupole displacement. Errors
perpendicular to this direction can in first order he
described independently. For an electron beam close
to the magnelic axis, the beam wander is inversely

by



Table 3.1: Parameters used for simulations of the
TTF VUV-FEL

Electron heam

Energy 300 MeV
Peak current 600 A
Normalized rms emittance 27 mm mrad
rms energy spread 017 %
External 8-function 1m

average heam size 5T pm

Undulator

Type Planar
Period 273 mm
Peak magnetic field 0497 T
Magnetic gap 12 mm
Undulator module length 4.5 m
FODO-lattice

Period I.2m
Quadrupole length 0.273 m

Quadrupole strength 9.9 7T/m

Radiation
Wavelength 70 nm
Galn for the first module 203
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Figure 3.1: The power gain after the first undulator
module as a function of rms phase-shake. The error
has been varied between 0.5% and 4%. The gain has
been normalized to the gain withou( field errors. All
remaining parameters are as in Table 3.1.

proportional to energy. The phase shake is inde-
pendent of energy. 1t is obtained by subtracting a
linear part over one gain length from the phase to
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minimize the average phase advance. A first indi-
cation of the largest rms value of the phase shake
that 15 acceptable, one can compare A, with the
rms-value of the phase due to energy spread over
one gain length (for a, &~ \/2)

AN (AN | oy
\/ﬁpA‘f)rms = \/( X ) -+ (Q(Iu ) < _T"r(l)

where Ag, = eA;ABy/(2rme) only includes peak
field errors, and p 1s the well-known Pierce param-
eter [11]. With a,/v < p, we get Atpms < 1/V/3.
One can see that Eq. (1) depends on energy indi-
rectly through the gain length £; = 4d7A,/p. Tor
a fixed distance, however, the rins phase shake is
independent of energy for an on-axis electron beam.
Moare details on the influence of both phase shake an
beam wander on the FEL performance are obtained
from simulations of which results are presented in
the next section.

3. Results

The simulation presented in this section have been
performed for one undulator module, using the TDA
code [12]. The TTF-FEL parameters used for these
simulations are given in Table 3.1.

The first set of simulations 15 done for a random
undulator peak field error per undulator period. As
a consequence, there is no beam wander and gain
degradation is only due to phase shake. In Fig. 3.1,
the gain, normalized to the gain without undulator
field errors, versus rms phase-shake is shown. The
undulator errors have been varied from 0.5 % to 4
Y% in order {o see a reduction in gain. The results
are very similar to simulations performed by other
authors (see for example Ref. 5).

In case of the TTF-FEL, where o./vy =~ p/2
21072 for the 0.3 GeV case, the phase-shake due
to undulator errors has to be small compared Lo
17% = 0.3 rad in order not to have any influence (see
Eq. (1)), as confirmed by Iig. 3.1. A first estimate
on random peak field errors is Aay/a, < 4 - 1073
Note that with increasing rms field peak fieid error,
the average gain reduction becomes larger as well as
the deviation from this average value (see Ref. 6).
In a more realistic situation, the non-zero first and
second magnetic field integrals will result in wan-
der of the electron beam, thus reducing the overlap
between amplified wave and electron beam. TFor

bs
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Figure 3.2: The power gain after the first undulator
module as a function of rms electron beam wander
without steering stations (solid circles}, with four
(open triangles), five (open squares) and with six
steering stations (solid triangles) within the module.
The peak field error is 0.5%. The gain lLas been
normalized to the gain without field errors.  All
remaining parameters are as in Table 3.1.

this reason, all remaining simulations have been per-
formed with a magnetic field error per hall period.
Its rms value has been chosen, based on the require-
ment deduced from Fig. 3.1, to be equal to 0.5%.
In Fig. 3.2, compared to the previous figure, where
the same error of 0.5% gave a reduction in gain of
no more than 10%, one can see that the influence of
the beam wander causes the gain to be reduced to
almost zero in some cases if one does not include any
steering stations (solid circles). Because the main
cause is the beam wander in this case, the gain re-
duction is given versus this parameter, rather than
versus phase shake {see also Ref. {13]).

As can be seen, the simulated results including
steering stations follow the same curve as without
steering stations. The steering stations have are ap-
proximated by Jd-functions at equidistant positions
with the first one at the entrance of each undu-
later module and the last one at its exit. It is
assumed thal detection of the electron beam center
i1s perfect. At each steering stalion position, there
is a beam position monitor {the so-called coincident
arrangement, see Rel. 4). Al each of these moni-
tors, the electron beam is on axis. Therefore, the
field integral from one steering station to the next
is equal to zero. Possible misalignment of monitors
15 ot laken inte account. In general, the perfor-
mance increases with number of steering stations.
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In Tig. 3.2, results are shown for zero {solid cir-
cles), four (open triangles}, five (open squares) and
six steering stations (sohd triangles). Without steer-
ing stations, the rms beam wander is in most cases
larger than the 200 gm shown in this figure, and the
gain is correspendingly small. Even with six steer-
ing stations the gain can be as small as 40% of the
ideal gain. With seven steering stations (not shown
in this graph), the gain reduction is no more than
30%. This in turn means that one steering station
per gain length would suffice. Note that the rms
beam wander has to be of the order of 10 gm. This
value is comparable to the normal oscillation ampli-
tude 2 = A a,/(2my) for 300 MeV. The rms heam
wander can be expressed in terms of the second field
integral, which has to be approximately 10 T mm?.
The maximum integrated dipole field of the steering
station needed to correct the heam trajectory was
B, L. 2 T'mm, where B, is the magnetic strength
of the correciton station, and L, is ils length. A
more typical steering strength was 0.257T mum. Oue
has to realise that beam wander is calculated from
an integral along a parlicle trajectory, whereas a
field integral is performed along a straight line. As a
consequence, the correction strength is only propor-
tional to the second ficld integral belween correctors
if the quadrupoles do not change the electron tra-
jectory. In all other cases, the strength depends on
whether the correction occurs within a defocusing or
focusing quadrupole. Simulations with a {random)
rms misalignment of the individual quadrupoles in
the z-direction within £50 pm follow approximately
the same curve as Fig. 3.2. The gain reduction with
six steering stations is no more than 20%, compared
to 60% in case of undulator crrors with the same
number of steering stations.

With six steering stations, the rms beam wander
is less than 30 pm, and the main cause for gain
reduction is the phase shake. One way to reduce
the phase shake is by increasing the g-function. The
simulations of which the results are shown in Fig. 3.3
have used a quadrupole strength of 4.5 T'/m instead
of the 9.9 T/m in previous caleulations. With the
present undulator design, such a change can be
easily accomplished al a late stage. As a result,
the S-function at 300 MeV has increased from 1 to
2 m. Due to the smaller phase-advance between
steering stations {defined as Lp/@ [rad], with Lp
the distance between sleering stations), the phase
shake in this case has decreased. As a consequence,
the gain reduction at 300 MeV with six correctors
is only 30%, compared to 60% for a f-function of
I m. The gain has decreased by almost a factor of

b6



two compared to the results presented in Fig. 3.2
due to a smaller value of the Pierce parameter p.
The minimum phase advance in Fig. 3.2 is 55°%, in
Fig. 3.3, it is 27" for six correctors. The obvious
conclusion is that when one includes a FODO-lattice,
the phase advance between steering stations should
not exceed 30% This is equivalent to a distance
between correctors of 3/2.

4. Conclusions

Calculations have been performed assuming the pa-
rameters as given in Table 3.1. The results of field
error calculations have been expressed in terms the
rms value of either of phase shake or beam wander.
Simulations of peak field errors have shown that the
undulator tolerances for the TTF-FEL are mainly
related to the transverse overlap of the radiation field
with the electron beam and the phase-shake related
to this heam wander. The phase-shake for an on-axis
electron beam turns out to be less important as long
as the rms peak field error does not exceed 0.5%,
as was shown by simulations of errors per period
(Fig. 3.1}, thus fixing the electron heam to the
undulator axis. Straight forward calculations show
that as long as A, < a./(ypV3), with p the
Pierce parameter (see Ref. 11}, the gain reduction
is small compared Lo the reduction due to energy
spread.,

Simulations of an undulator peak field error per half
period have been performed with an rms error of
0.5% based on the previous calculations. The error
per half period reduces the overlap between electron
heam and radiation feld. If one adds a random
displacement of quadrupoles, the conclusions are
virtually the same. A displacement between £50 pm
shows a comparable rms beam wander as for a peak
field error of 0.5%. The simulations show that the
rms value of the electron beam wander should not
exceed 0.2 opeam. This corresponds to a second field
integral of 10 T mm? for an electron beam radius of
57 penn1,

In case the desired beam wander and phase shake
can not be achieved, the electron trajectory can be
aligned with the radiation field by steering stations.
In all simulations, it 18 assumed that there 15 one
station ai the undulator entrance and one ai the
exil. These (wo are needed in order to be able to
adjust transverse position and momentum {rom one
undulator module to the next, The normalized gain
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Figure 3.3: The power gain after the first undu-
Iator module without (solid circles) and with six
{solid (riangles) steering stations as a function of
rms electron beam wander. Calculations have been
performed with a quadrupole strength of 4.5 T/m.
All remaining parameters are as in Fig. 3.2.

is only 40% of the ideal gain in case of six stations
and 70% in case of seven stations. With these seven
stations, the beam wander is reduced to 25 pm. The
total number of steering stations is approximately
equal to one per gain length, with one additional one
for matching al each undulator module entrance.
Including FODO-lattice, the phase shake can be re-
duced further by decreasing the phase advance of the
electron heam between steering stations. This can
be achieved by increasing the S-function. Increas-
g the F-function for the 300 MeV case from one
to two meters, reduces the gain, but the normalized
gain with six steering stations is in all cases larger
than 70% of the ideal gain (see Fig. 3.3). Therefore,
as a good approximations, the gain length increase
is given by

ar
{, = 2
g 1 - R ) ( )
with
1 A I'tiys b A rms *
r-simed[(222) s (32)]
2 e Ty

where R is calculated over a gain length, and the
distance between steering stations is given by

Lp =min (6}7,5/2) . (3)

by
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Abstract

A new design for a single pass X-ray SASE FEL is proposed. The scheme consists of two undulators and an X-ray
monochromator located between them. The first stage of the FEL amplifier operates in the SASE linear regime.
After the exit of the first undulator the electron bunch is guided through a non-isochranocus bypass and the X-ray
beam enters the monochromator. The main function of the bypass is to suppress the modulation of the electron
beam induced in the first undulator. This is possible because of the finite value of the natural energy spread
in the beam. At the entrance to Lhe second undulator the radiation power from the monochromator dominates
significantly over the shot noise and the residual electron bunching. As a result, the second stage of the FEL
amplifier operates in the steady-state regime. The proposed scheme is illustrated for the example of the 6 nm
option SASE FEL at the TESLA Test Facility under construction at DESY. The spectral bandwidth of such a
two-stage SASE FEL (AXM/X 2~ 5% 107°} is close to the limit defined by the finite duration of the radiation pulse.
T'ke average spectral brilliance is equal to 2 x 10%* photons/{secxmrad? xmm?x0.1 % bandw.) which is by two

orders of magnitude higher than the value which could be reached by the conventional SASE FEL.

1. Introduction

In this paper we propose a modification of a single
pass X-ray SASE FEL allowing to reduce significantly
the bandwidth of the cutput radiation. The pro-
posed scheme consists of two undulators and an X-ray
monochromator located between them (see Fig. 1).
The first undulator operates in the linear regime of
amplification starting from noise and the output ra-
diation 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 monochroma-
tor 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 can be achieved because of the
finite value of the natural energy spread in the beam
and by applying a special design of the electron by-
pass. At the entrance of the second undulator the
radiation power from the monochromator dominates
significantly over the shot noise and the residual elec.
tron bunching, so that the second stage of the FEL
amplifier will operate in the steady-state regime when
the input signal bandwidth is small with respect to the
FEL amplifier bandwidth.

The monochromatization of the radiation is per-
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Fig. 1: The principal scheme of a single-pass two-stage
SASE X-ray FEL with monochromator.

formed at a low level of radiation power which allows
one to use conventional X-ray optical elements for the
monochromator design. X-ray grating techniques can
be used successfully down to wavelengths of several A
and at shorter wavelengths crystal monochromators
could be used. Integral losses of the radiation power
in the monochromator are relatively small because
grazing incidence optics can be used. The proposed



scheme possesses two significant advantages. First,
it reveals a perspective to achieve monochromaticity
of the output radiation close to the limit given by
the finite duration of the radiation pulse and wo in-
crease the brightness and brilliance of the SASE FEL.
Second, shot-to-shot fluctuations of the output radia-
tion power could be reduced 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 for accelerator operation.
2. Principle of operation of a two stage SASE
FEL

After the first undulator the electron beam is guided
through a bypass and the X-ray beam enters the
monochromator. The functions of the electron by-
pass consist ir making the path lengths of the electron
and the radiation beams equal, and in suppressing the
modulation of the electron bunch produced in the first
undulator.

Let us consider the simplest non-isochronous
schieme of the electron bypass composed of three mag-
nets which is symmetrical with respect to its cen-
ter. The trajectory of the electron beam in the by-
pass has the shape of an isosceles triangle with the
base equal to L, the distance between the two undu-
lators. The angle adjacent to the base, &, is consid-
ered to be small, # € 1. We assume that the parti-
cles in the electron beam have a Gaussian energy dis-
tribution:  f(P) = (V27ras) ! exp(—~P?/202%). Here
P=(£—£&)/&E , oc is the standard deviation, & is
the nominal energy of the particles. We also assume
that at the entrance of the bypass the electron bunch’s
density and energy are modulated with wavelength A
equal to that of the FEL radiation. At the exit of the
bypass the modulations are suppressed by a factor of

()

Let us consider the specific numerical example
with o0 ~ 0.1 %, A ~ 6 nm, ¢ ~ 1° and [ ~
10° cm. According to expression (1), the electron
beam modulations are suppressed by a factor of D =
exp(—5000000). Thus, the initial modulation of the
electron beam at the entrance into the second undu-
lator is given by the shot noise only.

To provide effective operation of a two-stage SASE
FEL, the input radiation power PI(:) at the entrance
to the second undulator must exceed significantly the
effective power, Py, of shot noise. When the power
gain in the first undulator is equal to G and the
transinission factor of the monochromator is equal to
T, one can write: ﬂ(:)/ﬂhm = ¢7,,.. The trans-
mission factor Ty = R K is defined by the product
of the integral reflection coefficient Ry, of the mir-
rors and the dispersive element, and the coefficient X,
describing the radiation losses at the exit slit of the

D= exp(—4w20§-6‘_L2/2A2) .

‘?,o
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Fig. 2: Spectral distribution of the radiation pulse at the
exit of the first undulator.

monochromator: K, = {AAfA)m [{AXfX)5asE, where
(AA/A)m is the resolution of the monochromator and
(AX/A)sase is the radiation bandwidth of the SASE
FEL at the exit of the first undulator. As a result,
one obtains the following criterium for the power gain
in the first undulator: P2/ Pipor = G RL K, > 1.

In addition, the resolution of the monochroma-
tor should satisfy the following conditions: Af7o; <
(AAA)m < (AX/A)sase. The lower limitation on
(AX/A)m is due the fact that the length of the longi-
tudinal coherence of the radiation can not be larger
than the length of the electron bunch, o..

The amplification process in the first undulator
leads to an energy modulation in the electron beam.
After passing the bypass this energy modulation
transforms into additional energy spread in the elec-
tron beam: Agg =~ p[G(]]/G,m(SASE)]”2 , where p
is the saturation parameter [3, 4], G,a:(SASE) is the
power gain of SASE FEL at saturation. For effective
operation of the second stage of the FEL amplifier,
this induced energy spread should be small; o2 < g%,
which leads to condition: G(*) & Giai(SASE). This
relation means that the first stage of the SASE FEL
must operate in a linear high-gain regime.

When optimizing the two-stage FEL one should
take into account significant shot-to-shot fluctuations
at the exit of the monochromator. If the resolution of
the monochromator is (AA/A}yn 2 Af7oy, the shot-
to-shot fluctuations of the radiation power at the exit
of the monochromator are about one order of magni-
tude (see Fig.2). Our estimations show that the level
of the radiation power at the exit of the monochroma-
tor (averaged over shot-to-shot fluctuations) must at
least be by two orders of magnitude higher than the
eflective power of shot naise.

In conclusion to this section we combine all the con-



Table 1: Parameters of the conventional SASE
FEL at DESY

Electron beam

Energy. & 1000 MeV
Peak current, Iy 2500 A
rms bunch length, o, 50 pm
Normalized rms emittance , €, 27 mm mrad
rms energy spread 01 %
External #-function, 300 cm
rms transverse beam size 57 pm
Number of bunches per train 7200
Repetition rate 10 Hz
Undulator
Type Planar
Length of undulator, L. 20m
Period, Aw 273 cm
Peak magnetic field, H. 4.97 kGs
Radiation
Wavelength, A 6.4 nm
Bandwidth, (ﬁ/\/a\)SASE 0.5 %
rms angular divergence 15 prad
rms spot size ‘ 90 pm
aulocorrelation time, r/; 3fs
Power average aver pulse 5 GW
Flash energy 1.5 m]
Average power 100 W
Average spectral brilliance 2 % 1072

Phot. /{secx
mrad? xmm?x

0.1% bandw.)

ditions necessary and sufficient for the effective oper-
ation of a two-stage SASE FEL:

P Pabor = GV Ria( AN M) /(BA N)sasz > 107,
Aoz < (AX N)m € (AA/Nsase ,
G & Geat(SASE) . (2)

3. Numerical example

The operation of a two-stage SASE FEL is illustrated
for the 6 nm option of the SASE FEL which is under
construction at DESY (see Table 1) {1]. For our cal-
culations we have used the same parameters for the
electron beam and the undulator.

Parameters of the first stage of the SASE FEL
are presented in Table 2. It operates in a linear
regime with a power gain G*Y) = 10°. This value
is 1000 times less than the power gain at saturation,
G2 (SASE) = 10® (see Table 1). Spectral character-
istics of the output radiation at the exit of the first
stage are presented in Figs.2 ( see [6, 7]).

7 l
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Table 2: Parameters of the first stage of the two-
stage SASE FEL

Mode of operation SASE, linear
amplification

Effective power of shot noise, Fihor 100 W

Length of undulator, L. 12 m

Effective gain, G 10*

Qutput radiation

Wavelength, A 6.4 nm

Bandwidth , (AA/A)sase 0.5 %

Anutocorrelation time, 7/, 2 1{s

rms spot size 40 gm

rms angular divergence 18 prad

Peak power 50 MW

Power average over pulse, 10 MW

Flash energy 3 ul

Average power 02w

Rowland circle monochromator

cylindrical
mirror

mirrer

focasing
mirrer

N

[ collimating

spherical 1 mirrer

grating :

Fig. 3: Layout of & grating monochromator for the TTF
FEL.

The monochromator for the TTF-FEL should be
able to select any energy between 50 eV and 200 ¢V
with a resolution (AMA)m =~ 5 x 107° in order
to resolve ihe fine structure shown in Fig. 2. The
optics needed to couple the radiation in and out
of the monochromator would be particularly sim-
ple and symmetric if @ monochromator design was
chosen whose magnification would be independent
of wavelength. Therefore, 2 Rowland circle grating
monochromator appears to be ideally suited for this
purpose since the magnification of the spherical grat-
ing is always unity, independent of wavelength. The
specific design of F. Senf et al. [5] has the additional
advantage that the distance between the entrance and
the exit slit is constant and the directions of the in-
and outgoing beams are fixed, leading to a straightfor-

cylindrigal



Table 3: Parameters of the second stage of the
two-stage SASE FEL

Mode of operation Steady-state,
saturation
Input power, £ 10 W
Length of undulator, Ly 16 m

Gain, G 108

Output radiation

Wavelength, A 6.4 nm
Bandwidth , AA/A 5% 10™*
rms angular divergence 15 prad

rms spot size 90 pm
Autocorrelation time, 7y, 300 fs

Peak power 5.3 GW
Flash energy 1.5 ml
Average power 106 W

Average spectral brilliance 2 x 10?4
Phot. f(secx
mrad® x mm? x
0.1 % bandw.)

ward design as shown schematically in Fig. 3. A first
estimation of the transmission shows that a value of
the order of 10 % is realistic. For all mirrors we use
carhon coatings and grazing angles of incidence of 4°,
giving a reflectivity of 90 % for each mirror. Assum-
ing a grating efficiency of 15 % and five mirrors with
90 % reflectivity then gives a total transmission of
nearly 9 %.

The parameters of the second stage of the SASE
FEL are presented in Table 3. The average value of
the input radiation power is 10 kW, which results in a
saturation length of 16 m. The quality of the output
radiation of the two-stage SASE FEL exceeds signifi-
cantly that of the conventional SASE FEL (compare
Tables 3 and 1).

The output radiation power of the two-stage SASE
FEL is close to that of the conventional SASE FEL
while the spectral bandwidth is by two orders of mag-
nitude narrower. Thus, the spectral brightness and
brilliance of the output radiation exceed the corre-
sponding values of a conventional SASE FEL by two
orders of magnitude. In addition, longitudinal coher-
ence of the output radiation over the full radiation
pulse is obtained which leads to an antocorrelation
time rys; {corresponding to a decrease of the first or-
der correlation function by a factor of two) of about
300 fs .

Fig.4 shows that the value of the output radiation
power is rather insensitive to the fluctuations of the
input power when the second stage of the FEL ampli-
fier operates near the saturation point.
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Fig. 4; Dependence of the output power on the input
power for the FEL amplifier operation in the steady-state
regime for different undulator lengths. (1): Lw = 14 m,
(2); Lw = 16 m, (3): Lw = 20 m. Nominal input power
PP = Py =10 kW
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Photocathodes for RF photoinjectors
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Abstract

Over the past ten years photocathodes have been extensively used as high brightness electron sources in RF guns. [n this
paper [ present a general review about the alkali based high quantum efficiency {QE) photoemitters (e.g. Cs;,Sb, K;CsSb and
Cs;Te), together with a comparative analysis of the different preparation procedures and the results obtained, both in the
preparation chambers and in RF guns,

The need to increase the photocathode reliability has forced to get an R&D activity to go over the alchemy of
photocathode preparation procedure. In this paper [ will discuss the results so far obtained in different labs, both using
traditional investigation strategy (e.g. QE and RF behavior) and by means of surface science techniques as AES (Auger
Electron Spectroscopy) and XPS {X-ray Photoelectron Spectroscopy).

Alkali antimonide have been used at first in the RF gun due to the high QE response to the green light of the Nd:YLF
second harmonic radiation. Measurements have confirmed the high reactivity of the alkali antimonide photocathodes to the
residual gases: this fact make their use in RF guns not practical, mainly for the short lifetime.

Further investigations have shown that the choice of the substratum preparation procedure and chemical composition
plays a fundamental role in the photocathode performances, both from the peint of view of the QE and for the operative
lifetime and ruggedness to gas exposition.

Cesium telluride (Cs;Te) prepared on a molybdenum substratum seems to be, nowadays, the best compromise, in terms
of preparation procedure reliability and ruggedness: now the characteristics and drawbacks of this material are well
understood (e.g. the need of an UV laser source).

Future possible developments will be discussed. In particular the measurement and the control of the thermal emittance
and the time response could be an important task.

Moreover, 1o have high brightness beam, photocathode
must be able to produce high current density (hundreds of
amperes per square centimeter). Finally the photecathode
must have a reasonable quantum efficiency and a long
lifetime.

Unfortunately QE and lifetime requirements are in
contrast and the choice of the photocathode is usually a
compromise between high QE and long lifetime.

1. Introduction

RF (Radic Frequency) photoinjectors are nowadays
the most promising sources of high brightness and low
emittance electron beams [1]. A photoinjector consists of a
photoemissive material located in a high gradient RF
accelerating structure: a laser beam illuminates the
photocathode and the photoemitted electrons are promptly

accelerated. In this way it is possible to control the spatial 2. Overview on photocathodes
(charge distribution, current density etc.) and temporal
(bunch length, phase with respect to RF etc.) Generally speaking, photocathodes can be divided in
characteristics of the emitted electrons. The fast energy two different groups: metallic photoemitters and
gain, due to the location of the electron source inside the semiconductors. Metallic photoemitiers are robust, both
accelerating structure, gives the possibility to produce from the residual gases contamination point of view and
high brightness, short electron bunches [2]. for electric breakdown problems, but they have a low QE
Since the electron source is the photocathode, value (of the order of 107 in the UV range) due to their
photoinjector performances and operative characteristics high reflectivity and to electron-electron scaticring that
strongly depend on photoemitter characteristics, The reduce the escape depth [3]. The e-e scattering may also
general requirements for photocathode as RF gun electron increase the emittance of the photoemitted electrons [4].
sources are here summarized. A photocathode must have a Among semiconductor photoemitters, Cs;Sb [3, 5] and
fast responsc time, of the order of ps, in order to have a K,CsSb [3, 51 (Eg + E, about 2 eV) can be operated with
correct phase matching with the RF power in the injector. visible light but are very sensitive 10 contamination and

1]3
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Pressure

Operational Resp. QE Emax Ref.
Laboratory QE% @ A Substrata life time [mbar] time measurement MV/m
a} [ps] technigue
*+ CEA
Cs,5b 1.3 (@ 532 am) " Mo - 1o - Low Voltage 25 (81
K,CsSb 3(@ 532nm)* Mo T,>Lh o* - Low Voltage 25 [9.10]
Cs,Te 10 (@265 nm) " Mo - 10" . Low Voltage 25 [t
= CERN
Cs,Sb 0.4 (@532 nm) " - - 10” - High Voltage 8" [i2)
Cs,Te 6(@ 266 nm)*  Cu/Cu+Mo T,> 100 10” -ps High Voltage 100 [13]
* LANL
Cs,Sb 4(@527 nm) " Mo T,<4h 10™-10" ~ps Low Vollage > 20 [14]
K,CsSb B{@527 nm)" Mo T.<4h 1o-10" -ps Low Voltage > 20 [14]
Cs,Te 13 (@263 nm) * Mo T, >100h 010" <3ps Low Voltage > 20 [14]
+ Milano .
Cs,5b 9(@ 543 nm) " Cu - 10" Low Voltage [15]
K,CsSb 6(@ 543 nm) " 8. Steel - 1o-10"® Low Voltage - 16,17
Cs,Te 13 (@ 254 nm) " Mo - 19'%10"" - Low Voltage - [18]
*  Twente
K,CsSb 4(@534 nm)” Mo T, <2h i0* - Low Voltage 28 [19])
Cs.Te 20 (@ 254 nm)™ Mo T,.>10h {1 - Low Voltage 28 [20]

a) RF gun; b) Test System; ¢) HV DC test gun.

Tab. 1. Summary of the photocathode produced and used in different laboratories.

must be operated only in XUHV environments (p < 107"
mbar), Semiconductors with higher Eg value, such as Csl,
are more robust but require the use of the radiation with 2
shorter then 250 nm. Negative Electron Affinity (NEA)
[6] photoemitters (as GaAs-Cs-0O) can be used with visible
light but they are still very sensitive to contamination.
Morcover they usually have a longer response time due to
the tail in the electron emission [7].

The alkali metal based photoemitters fulfill the
majotity of the requirements previously discussed.
Different laboratories have tested and used them, both in
R&D apparatus (preparation chambers and HV DC
electron extractors) and in RF injectors. Tab. 1 shows a
summary of the alkali based photocathodes used in the
different labs, together with their characteristics and
performances.

The main problem found in using photoemissive
semiconductor film in RF gun is the short lifetime due to
high sensitivity of these compounds to contamination and
the related poisoning effects caused by the residual gases.
Moreover an empirical approach to the preparation
procedure optimization doesn’'t guarantee a good
reliability of the film properties.

4

Therefore the effort done in the last years have been
concentrated to go over these limitations and to
understand and control the preparation procedure and the
poisoning effects. To get that, new techniques have been
applied, traditionally used in other fields, as AES (Auger
Electron Spectroscopy) and XPS (X-ray Photoemission
Spectroscopy). The use of these techniques is not trivial
due to the extreme sensitivity of these materials both to
vacuum conditions {e.g. less then 1 Langmuir of oxygen
can destroy a KyCsSb film [21]) and to the possible
alterations induced in the film structure and composition
by the same investigating technique {e.g. electron beam
during the characterization of a polluted film).

3. Alkali antimonide

Alkali antimonide, and in particular Cs;Sb and
K,CsSb, extensively used in photodiodes and
photomultiplicrs tubes, have been the first photocathodes
used in RF guns, In particular Cs,8b was the photocathode
employed inside the first RF gun at LANL in 1988 [22]; in
consequence of the high dark current in the gun, this



material was replaced by K;CsSb [23].

As shown in the tab. 1 these pholocathodes has been
investigated by many labs but only CEA, LLANL and
Twente have successfully operate them in a RF gun.

Even if these photoemitters are largely used, the recipe
for the fabrication is not well standardized and the
formation process unknown. For instance Twente [19] and
CEA produce this film starting from a thin layer of K;Sb.
Furthermore Milano has developed a recipe for K,CsSb
starting from Cs3Sb {21]. The Milano recipe was studied
and optimized using AES and step-by-step analysis during
the cathode growth. A comparison between cathode
prepared by CEA and Milano is discussed in [17]. As a
matter of the fact, also the spectral responses of the
cathodes used in different labs are not equal and this
shows that the compounds produced are not the same.

Investigation about poisoning effect on cesium
antimonide and potassium cesium antimonide compound
has been done by LANL [24] , by CEA [10] and Milanc
[16], using traditional approach: cathodes are polluted by
exposing them to oxygen, carbon dioxide, water, etc..
While methane and hydrogen have no effects on the
cathode performances, carben dioxide and oxygen
produce an high degradation of the QE characteristic of
the cathode. Also in these investigations, the use of AES
allows to have important information. It is possible, for
example, to investigate the influence of subsiratum
cleanliness on the properties of the cathode that is to be
prepared. In particular it has been shown that is not
possible to remove completely a cathode from the
substrate only by an heating process (after 1 hour @ 600
°C Cs, K and Sb are still present at the surface). Moreover
a heavily poisoned cathode (e.g. with oxygen) is harder to
be cleaned. These results show that the propertics of a
cathode depend on the history of its substratum. An
cffectively way to clean-up the surface is Ar ion
bombardment [25].

4. Cesium iodide

This material has an energy gap of 6.3 ¢V, forcing the
use of VUV radiation such as the fifth harmonic of Nd
fasers in order to have a reasonable QE. Notwithstanding
this, Csl is an easy to be prepared film (can be evaporated
directly from Csl crystals). It was used at CERN
(evaporated on a copper substrate} as a possible
photocathode for the CTF gun. Unfortunately it is affected
by some kind of charge saturation effects when is used
inside a RF gun {12}.

5. Cesium telluride

As mentioned before, one of the major drawback in
the use of alkali antimonides is their sensitivity to gas
exposure. In the last two year, CERN and LLANL have
pariially overcome this limitation, moving towards the use

1
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of cesium tolluride (Cs;Te).

Cs;Te is a semiconductor with an Eg + E, of about 3.5
eV and is used as photocathode in solar blind UV
detectors. A detailed investigation on Cs,Te photoelectron
energy distribution can be found in the Ph.D. thesis of R.
O. Powell [26,27] and in Taft and Apker [28].
Unfortunately there is a lack of information about its
formation process and its reactivity to gas exposure.

Due to the high Eg, Cs;Te has an high resistivity [3].
Nevertheless CERN and LANL have demonstrated that it
produces high current density, high brightness electron
bunches when used on a metallic substrate. The dark
current measurements on the Los Alamos AFEL injector
have shown values lower then those obtained with K,CsSb
[29] Furthermore LLANL has measured the ralio of an
emittance figure of merit between K;CsSb and Cs,Te: they
have not found any significant difference [29]. For these
reasons, Cs;Te is, at this time, the best compromise in
terms of robustness, quantum efficiency and lifetime.

In the following I will illustratc some results aboul the
formalion process, the reactivity with gases and the
rejuvenation effect, The last mentioned effect may he
interesting both for the use of CsyTe in RF guns (it could
increase the cathode lifetime) and for the physics of the
phenomenon itself.

5.1 Cs;Te Production

Cesium telluride production goes through the
formation of some compounds with different Cs to Te
stoichiometric ratio, The formation of a new compound
during the photocathode growth is highlighted by a change
in the photocurrent behavior, moving from an increasing
slope to a “plateau” [3¢]. The principal parameters that
influence the cathode growth are the substratum material
and its temperature during the cathode formation.

Using XPS and AES, Cs;Te formation has been
investigated, by a step-by-step analysis of the cathode
during its growth, stopping the preparation procedurc at
each “plateau” and performing an analysis of the new
compound. This kind of approach has been done on
cathode prepared at room temperature on copper (CERN
like) and on molybdenum substratum, both at room
lernperature and at 120 °C (cathode similar 10 the one in
use at LANL). While a cathode grown of on molybdenum
substrate allows the formation of a “thick” (few tens of
nmy) Cs,Te film with the right stoichiometric ratio along all
its depth, in the copper case the tellurium diffuses in the
substrate and so a more complicated structure is obtained.
In particular, in the latter case, Cs;Te film is present only
in a very thin layer at the surface [18]. The subsiratum
affects not anly the structure of the photocathode but also
its QE value: a cathode grown on Mo has higher QE. In
spite of this fact, the different photocathodes have about
the same operative lifetime.

5.2 Cs,Te poisoning and rejuvenation



As previously discussed CsyTe cathode are more
robust than the alkali antimonide one. Information about
Cs;Te robusiness and poisoning arc in [18, 31]. These
investigations have confirmed that Cs,Te is at least 2-3
order of magnilude less sensitive to O, exposition [32] in
respect with K;CsSb and that is barcly sensitive to €O,
and not affected by CO and methane [18].

LANL, at first, has mentioned the possibility to
rejuvenate Cs,Te polluted films [31]. Investigations on
this  phenomenon  have  highlighted that by
contemporanecusly heating (at about 220 °C) and
illuminating with UV radiation (A = 254 nm) a Cs,Te
poisoned cathode is possible to rejuvenate it: heating and
UV radiation (few tens of WW) must be present at the same
time otherwise this effect docsn't take place. XPS
measurements of Cs,Te polluted films has highlighted that
oxygen is bound to cesium and that during the
rejuvenation process we can partially go back to a not
polluted Cs,Te films [18], A detailed discussion on these
themes is also presented at this conference [33]. This
process could balance poisoning effects and extend the
operative lifetime of the cathode in the RF guns.

6 Future developments

The results so far obtained on the photocathode
properties must be applied and developed in order to
fulfill the requirements from the new sources for linac
based XUV FEL and those from the new acceleration
techniques (plasma accelerators). In particular:

- the request of very low emittance beams (i.e. few
# ‘mm.mrad) forces some investigations on the thermal
emittance of the photoemitted electrons, The Milano
collaboration has planned to perform an angular resolved
photoelectron spectroscopy in order to measure the
thermal emittance [32]; the use of oriented crystals could
eventually help in having a lower emittance value from the
cathode,

- the photocathode response time is another
critical parameters. Requirements on time response in the
femtosecond regime are mandatory to apply photoinjector
as electron sources in plasma accelerator. In this case, the
clectron bunch must be inside the plasma bucket and this
requires very short electron bunches.

- finally, for TeV colliders, fast sources of
polarized electron are very welcome. Nowadays the only
photecathode that delivers spin polarized electron bunches
is the strained GaAs. Unfortunately this photocathodes has
some drawbacks as long response time, low QE value and
the charge limit effect [34].
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Abstract

In the framework of the TTF (Tesla Test Facility) collaboration for the Injector 1, we present a study on the formation
and characterization of photoemissive films of Cs;Te grown on Mo substrata, In particular we are interested in relating the
quantum efficiency (QE) to the preparation procedures used to obtain the photoemissive films, Using AES and XPS
techniques we follow the growth of the evaporated materials (Te and Cs) into a film by a “step by step” analysis, observing
the formation of differcnt compounds before obtaining a stoichiometric Cs,Te. The spectral response of the emissive layers
is measured in the wavelength range 254 nm - 514 nm using both a high pressure mercury lamp and CW lasers.

In view of the applications of this photoemitter it is important to know the effect of gas pollution on a photoemitting
film prepared with a standard procedure. Since oxygen is one of the most reactive gases, the influence of its contamination
on Cs;Te films has been choosen as representative of QE degradation. An exposure to 5107 mbar s of oxygen is enough to
reduce the QE by one order of magnitude. XPS technique has been used to study the effects of the oxidation.

The “rejuvenation” effect (recovery of QE after oxygen exposure) produced by the contemporary action of heating and
illumination with 254 nm radiation from a mercury lamp is investigated too.

The results obtained in this work allow to produce reproducible and reliable photocathode (QE = 9-10 % @ 254 nm), to
comprehend the cathode formation steps and to have an initial understanding of the pollution and rejuvenation mechanisms.

available. The knowledge of these characteristics is
important in order to guarantee the photocathode
requirements before highlighted.

In this paper we discuss about the influence of the
substratum material and temperature on the calthode
properties. An analysis of the cathode formation process
by XPS (X-ray Photoelectron Spectroscopy) and AES
(Auger Electron Spectroscopy) coupled with Ar* depth
profiling is presented.. Pollution produced by different
gases (carbon monoxide, carbon dioxide and oxygen) and
“rejuvenation” effect {7], ie. the recovery of the
pholoemissive properties after pollution, are investigated
too.

1. Intreduction

Photocathodes illuminated by pulsed light sources are
nowadays employed as electron sources in RF guns{1],
RF guns provide high brightness electron beams as
required by the future linac-based Free Electron Laser in
the X-UV domain and electron-pesitron TeV collider.
The main requirements for the photoemitter are: high
current density, good time stability of the Quantum
Efficiency (QE), long operative lifetime and fast response
time (picosecond or subpicosecond range). Several
photoemissive materials are available nowadays with
different characteristics [2]. The most promising is

2, Experimental
cesium telluride (Cs;Te), a semiconductive material used

as solar blind detector {3] and as reference standard for CsTe film are produced in UHV condition, being the
ultraviolet (UV) light intensity measurement[4]. Taft and pressure in the low 107" mbar range. A gas inlet system
Apker [5] and Powell {6] performed a detailed study of allows to pollute the cathodes, The gas composition is
the photoemissive properties of CsaTe. They measured measured by an RGA, QMG 112 Balzers.

the spectral responses of this photocmitter, the energy The photocathode is grown on Mo substrate kept at
distribution of the photoelectrons and gave some 120 °C. The standard recipe asks for a preliminary
information about its band structure. Unfortunately few deposition of 10 nm of tellurium with a rate of 1 nm/min
investigation on the formation process and pollution are and then Cs with the same rate. During the cesium

11



cvaporation, the cathode is illuminated by 253.7 nm
radiation: the photocurrent till a maximum value. At this
paint the cathode is complete formed, cesium evaporation
stopped and the cooling of the substrate begun. The
photocathode thickness is about 25 nanometers.

The light sources used to illuminate the cathode are
either an high pressure mercury lamp or low power CW
lasers (He-Ne and a multilines Ar").

The Auger emission is excited by an electron beam
operating at 3 keV, with a current of 1 pA over a spot
arca of 30 um x 30 um. Auger spectra are obtained by
using a single pass Cylindrical Mirror Ananlyzer (CMA)
operating at 0.6 % relative resolution and in the first
derivative mode (modulation voltage of 15 V peak-to-
peak). An Ar' ion gun allows the Auger depth-profiles,
operating at 1 keV, current density 30 pAfem?, rastered
over a2 mm x 2 mm area.

XPS spectra have been cellected by a Leybold LHS-
12 subsystem, equipped with a Concentric Hemispherical
Analyser (CHA) and a non monochromatised, Mg X-ray
source, tilted by 45° with respect to the CHA axis.

3. Results

3.1 Cathode formation

The first step towards an understanding of the
photocathode formation process is the attainment of a
reliable recipe that puarantees a reproducible cathode
with a good Quantum Efficiency (QE) stable in time.

1E+0
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Cold /Warm

1E-2
£ [
@ 1B3
° /—/ /

1E4 ( /
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IE-§ 1 1 : : :

] 1000 2000 3000 4000 5000 6000
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Fig. 1. QE behavior during Cs:Te formation vs.

Substratum temperature.

A preliminary works has been done to evaluate the
influence of the substratum temperature during the
cathode growth on the photocathode QE characteristic.
Fig. 1 shows the QE behavior of cathodes grown
respectively on a substratum kept at room temperature
(23 °C) and at 120 °C. The “cold” procedure allows to
have higher QE value at the end of the formation
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procedure but less stable in time. Instead of that, the
“warm” recipe furnishes lower QE value but stable in
time. The QE value of the “cold” recipe after few hours is
quite the same obtained with the “warm” procedure. The
photocathode QE stability we get with the “warm” recipe
has been observed also in operative condition inside a
linac [8].
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Fig. 2 QE vs. cesium thickness during the Cs.Te
formation. The letters indicates the XPS analysis step.

Following the recipe with warm substratum we obtain
cathodes with a QE at 253.7 nm of 9-10 %. In Fig. 2 we
report the QE evolution during the cesium deposition.
The deposition starts at (a), then the QE evolves through
(b)-(d) and then the cathode is formed when the
photocurrent is maximum (e). XPS step-by step analysis
showed that the changes in the photocurrent slope are due
to the formation of different compounds [9). In particular
Fig. 3 shows the results obtained following the Te 3d
XPS line features at each deposition step. Before cesium
deposition (a), there is only pure Te (572.9 eV). After the
evaporation of 20 nm of Cs (b), 2 second component in
the spectrum appears at 572.2 eV. The peak ratio is about
1:1 indicating that about half of tellurium is reacted with
cesium, The BE energy shift of -0.6 + -0.7 eV indicates a
charge transfer from Cs to Te valence shells. The two
components now present are tellurium and a Cs-Te
compound with a Cs te Te ratio of 1.2. A further Cs
deposition {c) produces an increase Csi;Te component, a
decrease of pure Te and the growth of a new structure at
+0.8 eV respect to covalent Te. In correspondence with
the evaporation of 60 nm of Cs (d}, we have the presence
of three components: pure Te, Cs(2Te and a new line at
571.0 £ 0.1 ¢V characterized by a Cs to Te ratio x higher
than 1.2. The cathode formation is complete with the
evaporation of about 70 nm of Cs (e). Now the
baricentrum of the full 3d Te line (371.5 eV) is between
the Cs;2Te and the Cs,Te compound. If we assume that
the (e} phase is the Cs:Te compound, than we can ascribe
the Cs,Te component to a compound with a Cs to Te ratio
higher that 2.



Te 3d*2

Intensity

S80
Binding Energy [eV]
Fig. 3. Evolution of Te 3d line at different cathode
formation step. The letter correspends to a formation
process phase as shown in Fig. 2.

Fig. 4 reports a depth profile of the completed cathode
showing the good uniformity of the Cs-Te compound
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Fig. 4. Ar* Auger depth profile of Cs;Te photocathode.
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and the presence of Mo 20 nm under the surface. The
presence of confined oxygen at the interface between the
cathode and the substratum is probably due to an oxidized
layer not removed by our cleaning procedure.,

The analysis of the cathode spectral response is
important to estimate the photoelectric threshold. As
shown in Fig. 5, our cathode has the typical “shoulder” at
low energy as previously observed both by Taft and
Apker [5] and by Powell [6] in their studies on CsTe.
This featurc lowers the threshold in the 2 ¢V range while
the work function of the Cs;Te is about 3.5 eV [6]. The
Powell explanation for this shoulder is that more than one
phase of Cs;Te may exists as we haves hown with the
XPS analysis.
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.
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Fig. 5. Spectral response of Cs2Te photocathode

comparad with the Powell one.

3.2 Pollution

An important parameter for the use of photocathodes
inside a RF gun is their operative lifetime, that is
primarily affected by the vacuum condition inside the
acceleration system. To investigate the pollution effect,
we exposed Lhe photocathode to carbon monoxide, carbon
dioxide and oxygen, keeping the partial pressure of the
gas in the low 10 mbar range. While carbon monoxide
doesn't aftfect the photoemissive properties, carbon
dioxide and oxygen produce a deterioration of the QE
characteristic of the cathode, more pronounced with
oxygen. Therefore to estimate the roughness of the
cathodes, we exposed them to a few hundred Langmuir (1
L=10° mbar's) of oxygen. Fig. 6 shows that the behavior
of the QE is the same at both wavelength (253.7 nm and
334 nm). 1000 L exposure produces a decrease of one
order of magnitude of the QE,. This value must be
compared with 1 L necessary to reduce the QE of alkaly-
antimonied of the same magnitude [10].

Poisoning the cathode with oxygen at higher partial
pressure produces a different effect. If the oxygen
pressure is in the 107 mbar range, the QE has, at first, a
fast drop to a 1/e value with 15 L and then a slow decay



towards a saturation. This behavior could be interpreted
as a passivation of the surface instead as a diffusion
{exponential decay) and has been observed also in
operative condition inside a RF gun [I1]. The XPS$
analysis after a 100 L oxygen exposure shows that a thick
layer of cesium oxide forms at the photocathode surface
lowering the QE.
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Oxygen expogition {Langmuir)

Fig. 6. Pollution of the cathode with oxygen at 253.7 nm
and 334 nm.

3.3 Rejuvenation

An interesting properties of the cesium telluride
photocathode is the possibility to rejuvenate it, ie to
recovery its photoemissive propertics after pollution as
shown in Fig. 7.
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Fig. 7 Rejuvenation effect after pollution. The QE vs.
temperature during the heating and cooling phases is
reported.

As rteported by Kong [7], a heating process after

qo
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poilution assures a rejuvenation of the cathode. We found
that the heating process alone does not gives effective
rejuvenation. The rejuvenation effect is attained if, and
only if, the polluted photocathode was completed formed
and UV radiation (A = 253.7 nm)is used to illuminate the
cathode during the heating process. No rejuvenation is
achieved using a radiation wavelength of 334 nm
(hv =3.7 eV) or longer.

We studied by XPS the changes induced in the
photocathode by the rejuvenation process. The effect of
the heating and radiating with UV light is a recovery of
the complete photocathod: Te 3d XPS linc shape [9]. The
rejuvenation process is effective also after the exposure of
the photocathode to low vacuum condition (10™ mbar for
about eighl hours).

Conclusion

A reliable recipe for the formation of reproducible
CsaTe  photocathode has  been developed and
photocathodes grown on warm substrata have stable QE.
Different compounds are produced before the attainment
of the right Cs to Te stoichiometric ratio.

As aspected, Cs;Te photocathode is less sensitive to
oxygen exposure than the alkaly-antimonied. Moreover
the poising effect depends not only on the exposure time
but also on the partial pressure of the gas.

Finally the rejuvenation effect is possible only if there
is the contemporary presence of heating and UV
radiation.
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The undulator system for the VUV - FEL at the TESLA Test Facility

J. Pfliiger, Y. M. Nikitina , B. Faatz, T. Teichmann

Hamburger Synchrotronstrahlungslabor HASYLAB
at Deutsches Elektronen-Synchrotron DESY
Notkestr85, 22603 Hamburg

Abstract

For the VUV - FEL at the TESLA Test Facility a 30m long undulator with a superimposed
alternating sequence of focusing and defocusing quadrupoles (FODO lattice) is needed. A
planar magnet structure with a fixed gap using permanent magnet technology has been
proposed to realize both the undulator and the quadrupolar field.

The period Jength was chosen to be 27.3mm. At the nominal gap of 12mm a peak field of
0.5T can be reached. The maximum gradient that can be obtained with this structure is in
excess of 20 T/m and is fully sufficient for the FODO lattice with the required parameters.
The magnetic design is briefly described. The concept to subdivide the whole undulator into
modules of about 4.5m length and still provide a smooth overall FODO lattice is presented.

Proofs: J. Pfliiger, DESY, HASYLAB, Notkestr. 85, 22603 Hamburg, Germany

Contribution to the FEL 96 in Rome Version 22. August 1996
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Undulator Design

AtDESY in Hamburg a Free Electron Laser (FEL) for the VUV spectral range at 6.4nm using
the principle of Self Amplified Spontaneous Emission (SASE) /1,2 / is under construction. It
will use the electron beam of the TESLA Test Facility (TTF) /3/ and will be built in two
stages: :

Phase 1 will have a nominal energy of 380 MeV and will serve as a system test for the
superconducting accelerator and a proof of principle for the SASE FEL. Conservatively we
shall assume only 300MeV throughout this paper. In this case an undulator length of 14.33 m
i1s sufficient. In  Phase 2 the energy will be raised to | GeV and the undulator needs to be
extended to the full length of 28.67 m. For practical reasons it has to be subdivided into
modules of about 4.5m length which can be handled and manufactured with the required
accuracy. There has to be a gap between undulator sections of about 0.3m for beam position
monitors and other diagnostic equipment. The undulator design for Phase 1 and 2 is identical.
Fig 1 shows a schematic view of the undulator section for the Phase 1 setup which will use
three modules. Details and exact numbers can be seen in Tables 1 and 2.

An alternating quadrupole (FODO) lattice which consists of sections with positive and
negative gradient separated by focusing free spaces is needed to avoid widening of the beam
over the undulator length due to its divergence. The undulator therefore has to combine two
functions:

1. It has to provide the sinusoidal field so that the FEL process can take place.
2. It simultaneously has to provide the alternating gradient field of about +20 T/m for the
FODO lattice which is superimposed to the undulator field

Permanent magnet (PM) technology using state of the art NdFeB magnet material has been
chosen for the undulator /4-7/. Fig 2 shows a schematic 3-D view of 1 ) periods of the “Four
Magnet Focusing Undulator* (4MFU) which has been proposed to be used for the FEL at the
TTE. It is based on a regular Halbach type hybrid structure /8/. The gap between the poles is
kept fixed at 12mm. The magnets between the poles, which are magnetized parallel and
antiparallel to the beam axis are recessed by 2.5mm to create space for the magnets providing
the focusing. These magnets are magnetized parallel / antiparallel to the Y-axis as can be seen
in Fig. 2. They can be adjusted horizontally. By changing the horizontal separation distance
between these magnets in the top and bottom jaw simultaneously the magnitude of the
gradient can be changed. A maximum of 25 T/m is possible. Moving all magnets
horizontally the horizontal position of the quadrupole axis can be changed accordingly.
Increasing / decreasing the separation distance in the top and decreasing / increasing it in the
bottom jaw will move the position of the quadrupole axis down or up, respectively.

Using geometrical arguments it can be shown that on the guadrupole axis the field generated
by the symmetric undulator part is not influenced by the antisymmetric array of focusing
magnets and its strength. This was also verified with 3-D calculations using the MAFIA code
/4,7/. The advantages of this proposal therefore are obvious:

1. It is a completely planar structure, which allows for very good access to the field region at
the beam position. This is very important for high accuracy field measurements. Also the
vacuum chamber can easily be installed without breaking any magnetic circuits.

2. The gradient can be as large as 25 T/m. The exact value and the position of the quadrupole
axis 1s fine tunable.
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3. Undulator and focusing fields are decoupled. This means that on the quadrupole axis the
sign and magnitude of the field gradient has no influence on the undulator field and vice
versa.

For these reasons the 4MFU principle was chosen as the basis of the undulator setup for the
TTF.

FODO Lattice

In order to keep the electron beam size small over the whole undulator length a FODO lattice
has to be superimposed to the undulator field. A FODO lattice is made up by a sequence of
focusing and defocusing quadrupoles separated by focusing free sections. The B - function
varies between a maximum and minimum value found in the center of the focusing and
defocusing quadrupoles, respectively. The quadrupolar field for the FODO lattice is provided
by the magnetic attachments as discussed in the context of Fig. 2. Its characteristic parameters
are the FODO period length Aropo ( see Fig. 1) and the focal strength of the quadrupoles given
by:

1 . 0.29979% g[T / m]+ 1 [m]
(1) [m™]=
fQuad E[Gev]

where g is the field gradient, E is the kinetic energy of the electrons and I, is the length of the
quadrupole. In the thin lens approximation for small phase advance the variation of the B -
function can be estimated to be :

Aeovo
2

@ Brasn =25 f £

This means that in this approximation the average B - function is determined by the focal
strength and its beat by the separation of focusing and defocusing quads only. A B - beat
which is too large might have a negative effect on the FEL process. On the other hand the
FODO period has to be chosen large enough so that the focusing free section between to
quads is large enough to span over the separation space between two modules. as is shown
schematically 1n Fig 1. Only then a smoothly running FODO lattice which runs over all
undulator modules is possible. In a number of simulations using the TDA3D code /9,10/ the
FODO parameters which fit best to the TTF requirements were determined. They are
reproduced in Table 2. As can be seen one focusing section extend over five undulator periods
which equals to 136.5mm. The gradient is conservatively taken to be 18.3 T/m which is well
within the magnetic design values and gives a quiescent safety margin. Other parameters
related with the FODO lattice as well as the minimum and maximum [ functions found in the
FODO quads can be found in Table 2 as well. They were calculated using an exact tracking
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code rather than making the approximations used in eq (2). Due to the large phase advance for
the Phase 1 only parameter trends can be seen qualitatively using eq. (2). In the case of phase
2 the results agree better than 15% .

The natural weak focusing of an undulator is given by:

1 o1, 0.4494% L{m]* B2 [T]
Un

Here L denotes the undulator length and By, the undulator peak field = The values for
Phase 1 and Phase 2 are reproduced in table 2. The contribution of the whole undulator in
both case is considerably smaller than the focal strength of one individual FODO quad. This
effect was included in the tracking calculations. It leads to a small variation of the B function
along the undulator of a few percent and can be neglected for the consideration of the FODO
parameters..

Undulator Prototype

A first 220mm long prototype of a 4MFU type undulator structure has been assembled. This
structure can be seen in Fig 3. The structure consists of 16 poles and the corresponding
magnets. The exact vertical position of the poles can be fine tuned via tuning screws. With
this means the “naked * undulator without focusing magnets can be fine tuned. The focusing
magnets are mounted in groups of four. Two sets separated by five nonfocusing half periods
are visible in Fig. 3. Two horizontal adjustment screws are seen per focusing attachment.
These attachments are fixed and can be moved independently of the magnetic array
preducing the undulator field. Their strength can be changed by either changing the
separation distance or by the total number of magnets which are mounted per FODO quad. In
this way a great flexibility is obtained.

The aim of this prototype was to check its mechanic feasibility and to try assembling
techniques, find assembling tools etc. The quality of the magnets was not sufficient for good
magnetic tests. It is planned to build a 0.8m long prototype which will be available until the
end of 1996 to test the magnetic performance of the 4MFU in detail
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Figure Captions

Fig 1 General layout of the undulator section for the Phase 1 setup showing
schematically the subdivision into modules, drift spaces and the relation to the
smooth overall FODO lattice (graph in lower part of the figure)

Fig 2 3-D perspective view of 1 )4 periods of the proposed 4MFU structure for the
undulator for the TTF. For details see text.

Fig 3 220mm long prototype of the 4MFU showing the focusing sections separated
by five nonfocusing half periods.



Table 1: Parameters for Phase 1 and 2 of the TTF
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Phase 1 | Phase 2

Energy [GeV ] 0.3 1.0
normalized Emittance [mmmrad] | 2 2
Energy spread [ %] 0.17 0.1
Bunch length (Km] 250 50
Peak current [A] 500 2500
Radiative wavelength { mm ] 72 6.4
Saturation length [m] 14 25
Saturation Power [GW] 0.2 3.0
Table 2: Undulator and FODO Parameters for Phase 1 and 2
Gap {mm] [12
Period Length [mm] [27.3
Undulator Peak Field [T] 0.5
K - Parameter 1.27
Max. Gradient [T/m] |25
Number of poles per module 327
Total length per module fmm] |4492.2
Required field Gradient [T/m] |18.3
Length of FODO quad [mm] {1365
FODO Period Length [m] 0.9555
Number of FODO periods per module 15
Separation between Modules {m] 0.2853

Phase1 |Phase2
Number of modules 3 6
Total length [m] 14.33 28.67
Focal strength of FODO quads [m'] [250 0.75
Natural Undulator Focal strength [m'] |1.873 0.674
Phase advance per FODQ cell [Deg] |52 18
Bmax in Undulator [m] 1.5 3.5
Bmin in Undulator [m] 0.5 2.5
Ave. Beamsize in Undulator [um} 35 35
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Fundamental Limitations of an X-ray FEL Operation Due to Quantum
Fluctuations of Undulator Radiation

J. Rossbach®, E.L. Saldin®, E.A. Schneidmiller®, M.V. Yurkov<®*
ADESY 22607 Hamburg, Germany
b Automatic Systems Corporation, 443050 Samara, Russia

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

Abstract

In this paper we show that the effect of energy diffusion in the electron beam due to quantum fiuctuations of undulator radiation
imposes fundamental limit towards achieving very short wavelength in The FEL amplifier.

1. Introduction

R&D works on linear colliders give a promise to obtain in
the nearest future high-energy, low emittance and monochro-
matic electron beams which could be used for a wide range
of applications. One of the possible applications of these
beams is to use them as driving beams for a SASE FEL (self
amplified spontancous emission free electron laser) operat-
ing in the VUV and X-ray wavelength band [1, 2, 3]. There
are also rends to develop the projects of SASE FEL operat-
ing at shorter wavelength. In connection with this tendencya
reasonable question should be formulated whether there are
limitations on the way to very short wavelengths.

At present, numerical simulation codes or codes based on
fitting formulae are used for optimization of the FEL param-
eters [1, 2, 4, 5, 6]. Nevertheless, one should use the re-
sults obtained with these codes very carefully in new region
of parameters (high energy of electrons, sherl length of the
electron bunch, etc) since there could be novel physical ef-
fects which have not been taken into account in these physi-
cal models and codes. In this paper we show that there exists
fundamental effect of quantum fluctuations of undulater ra-
diation which imposes a limit towards very short wavelength
{71. For instance, this effect should play significant role in
one of the LCLS scenario [8]. '

2. Basic equations

We consider an FEL amplifier with helical undulatorand ax-
isymmetric electron beam®. H, and A are the amplitude

*Cotresponding  author. Tel. +7 09621 62154,
fax +7 09621 65767, e-mail yurkov@sunse.jinr.dubna.su.
'The case of a planar undulator is considered in ref. [7]

3\

of the magnetic field and the period of the undulator, respec-
tively. The angle of the electzon rotation in the undulator
is equal to 8, = K /. where v = £/m.c? is the rela-
tivistic faclor of the eleciron with nominal energy &, K =
€HuwAw/27mec? is the undulator parameter, (—¢) and m,
are the charge and the mass of the elecron, respectively, and
¢ is the velocitly of light (we use CGS units in this paper).

We assume the transverse phase space distribution of the
particles in the beam to be Gaussian and the beam is maiched
1o the magnetic focusing system of the undulator. The rms
beam size and rms angle spread of the electrons in the beamn
are given by the expressions: or = /e, 3fvyand g =
v/ €n /By, where 3 is the beta function and e, is the rms not-
malized emittance. We assume the energy spread to be Gaus-
sian: dw = d€ exp(—£ {20} )/ /270,

It was shown in refs. [7. 9. 10] that existent projects
of SASE FEL have peculiar feature that diffraction expan-
sion of radiation is small at one field gain length, so one-
dimensional approximation could be used for quick estima-
tion of the FEL parameters. In the one-dimensional approx-
imation operation of the FEL amplifier can be described in
terms of the gain parameter " and the following dimension-
less parameters: the space charge pﬂ.ramctcrf“\g , the parame-
ter of the longitudinal velocity spread AZ and the cfficiency
parameter p [11, 12]:

[ 1 27K* ]"3
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Fig. 1: Normalized fieid gain A /T" and FEL efficiency at saturation n/ p
versus the parameter of the longitudinal velocity spread A% Here A2 = 0
and detuning corresponds 10 the maximum field gain at each value of f\:‘;-.

AL=AL/T? = (ob /65 + nas/4)]6°
p=DAw 47 . (n
Here A = 2wc¢/fw is the radiation wavelength, [ is the
beam cument, [4 = mc®fe = 17 kA is Alfven's current
and 73 = ‘y?/(l + Kz).

The analysis of parameters of proposed VUV and X-ray
SASE FELs shows that the region of parameters of these de-
vices is at negligibly small influence of the space charge,
A: < 1. It means, that the main characteristics of the SASE
FEL, field gain and the efficiency at saturation are universal
function of the only longitudinal velocity spread parameter
AL,

The main problem to be solved at a design stage of an ex-
periment is to find a safety margin for the FEL parameters
which provide efficient operation. Fig. 1 shows the depen-
dencies of the maximal field gain and the efficiency at sat-
uration on the longitudinal velocity spread parameter. Let
us define the safety margin of the FEL amplifier operation
by the condition that the relative loss in the field gain due to
spread of longitudinal velocities should be less than 10 per
centof the value at A% = 0. This corresponds to the follow-
ing restriction on the parameter of the longitudinat velocity
spread (see Fig. 1)*:

Analyzing condition (2), we can rewrite it in the following
form:

1 o 1

p?EE T a2

. 2
A% = iﬁ) <01 . (2)

/\4/3 Z Qlﬁ2,3 + 02’3—4;'3 , (3)

2Some authors (see, e.g. refs. [9, 10]) write the conditions for the
FEL amplifier operation as:
DNAESE L p, e LA/2.
W see that the first condition corresponds to the first term in eq.
(2). but the second condition could considerably overestimate the re-
quirements on the value of the emittance as il is seen from eq. (2).
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where we have shown explicitly the parametric dependency
on the radiation wavelength A and on the focusing beta func-
tion #. It follows from this condition and definition of the
reduced parameters (1) that at the focusing beta function

b 1
Jos L+ K2

Ber (G

we achieve operation of the FEL amplifier at the shon-
est possible (critical) wavelength which stll lies within the
safety margin of operation:

] i/2

The critical undulator period is defined by the value of the
critical wavelength (5) and the resonance condition: A%
298 A (1 + K?).

o
Aer ™ lSrcf—j

via14 K2
I ke

5)

3. Quantum fluctuation effects

Particle moving in the field of the undulator emits also inco-
herentradiation [13]. The mean energy loss of each electron
into incoherent radiation is given by:
déofdz = 22 H2(2)/3 (6)
where 7. = ¢?/mc2. This contribution obviously increases
with energy. If the energy loss of the electron Afsp, is about

Afsp
£

~0 M
this effect begins to influence the operation of the FEL am-
plifier. In principle, this does not lead to a fata) limitation
of the maximal electron energy. because the energy losses of
the electron can be compensated by an appropriate tapering
of the magnetic field of the undulator, thus keeping the res-
onance condition. It limits though the possibility to tune the
photon wavelength by tuning the electron energy to the tun-
ing range

|84
)

7

~ Afspf& ®)
Also, one might expect considerable experimental difficul-
tics (e.g. heat load on mirrors and monochromators, signal-
to-noise ratio, etc), if the totally radiated power is some or-
ders of magnitude larger than the desired FEL power.

A more fundamental limit is imposed by the growth of the
uncotrelated energy spread in the electron beam due to the
quantum fluctuations of synchrowon radiation. The rate of
cnergy diffusion is given by the expression®:

< d(BEY [dz >= 55ehy' 2 HE [24V3mec (5]

IRigorous calculations of energy diffusion show that this for-
mula provide an accuracy about several per cent in the whole region
for K > 1[14]
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Fig. 2: Minimal achievable photon wavelength in an FEL amplifier and
corresponding energy of the electron beamn versus the length of the undula-
tor L... The curves 1, 2 and 3 correspond (o values of the normalized emit-
tance 107 cmrad, 2 x 10=* cmrad and 3 x 10~* crmrad, respectively.
The energy spread at the entrance of the undulator in all cases is equal to
g = 1 MeV.

This effect is growing drastically with energy and imposes
a principle limit on achieving very short wavelengths. In-
deed, to achieve a shorter wavelength at specific parameters
of the electron beam (i.e. at specific values of the peak cur-
rent, the normalized emittance and the energy spread), the
energy should be increased (see eq. (5). On the cther hand,
the gain length is increased drastically with increasing the
energy which forces to increase the value of the undulator
parameter (hence, to increase the undulator field). As a re-
sult, at some value of the energy. the energy spread caused
by quantum fluctuations will stop the FEL amplifier opera-
tion.

To obtain a notion about this limit, let us consider the
following model situation. First, consider three parameter
sets of the electron beam: ¢, = 107! emrad, €0 = 2 x
107" emrad and €y = 3 x 10™* cm rad. The peak current
forall of the examples is equal to / = 5 kA and the initial en-
ergy spread is equal to ¢go = 1 MeV. Imagine thatone has a
possibility lo construct an undulator of length L.,. It is rea-
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Fig. 3: Minimal achievable photon wavelength in an FEL amplifier and cor-
respondingenergy of the electron beam versus the length of the undulator L . .
Thecurves 1, 2and 3 correspondto values of the energy spread at the entrance
of the undulator of 0 MeV, 3 MeV and 6 MeV, respectively. The normalized
emittance is 10~* cm rad in all cases.

sonable to formulate the problem as follows. At which en-
ergy of the electron beam and at which parameters of the un-
dulator the minimal wavelength could be achicved and what
is the value of that wavelength.

Fig.2 presents the plots of the minimal achievable wave-
length and the corresponding energy of the electron beam
versus the undulator length. When performing calculations
we assumed that to obtain saturation of a SASE FEL, the un-
dulator length L. should be about 20 power gain lengths Lg
[6]. The operating wavelength has been obtained using ex-
pression (5) with the energy spread given by summing up
mean squared values of the initial energy spread opp and the
energy spread due to the fluctuations of synchrotron radia-
tion (9) at the undulator exit, o = (of, + 03[)1’2. The
value of optimal beta function has been calculated in accor-
dance with eq. (4). It is seen from these plots that there is no
sighificant decrease of the minimal wavelength for undulator
lengths exceeding Lw ~ 100 m.

Fig.3 presents plots of the minimal achievable wavelength
and the corresponding cnergy of the electron beam versus



Table 1. FEL amplifier for the shortest wavelength

#1 #2 #3
Electron beam
Energy £p, GeV 192 228 26
Peak current I, kA 5 5 5

RMS normalized

emittanee ;. cm rad 107 2x107% 3 x 104

RMS energy spread o, MeV 1 2 3
External focusing

beta fuaction 5, m 54 36 27
Lindulator®

Period Ay, ¢m 365 542 6.93
Magnetic field Ho. T .57 0.64 0.69
Undulator parameter Ji° 1.96 3.27 4.46
Undulator length Lw, m 100 100 100
Radiation

Wavelength X, A 062 1.59 2.76
Power gainlength Ly, m 5 5 5

Efficiency n, % 0.023 0.033 0.045

* Helical tapered undulator.

the undulator length. Here we fix the value of the normal-
ized emittance and change the initial energy spread in the
beam og from zero value up to 6 MeV. It is seen that after
L. 2 100 m all the wavelength curves approach asymptot-
ically the curve describing the case of zero value of the ini-
tial energy spread. This indicates that quantum fluctuations
of synchrotron radiation impose a limit on the value of the
minimal achievable wavelength in an X-ray FEL. The value
of this limit can be estimated analytically. Let us consider an
electron beam with a very small energy spread. We see from
(see eq. (5)) that the critical wavelength is then determined
by the induced energy spread due to quantum fluctvations,
In the same way as it was done above, we assume that the
undulator length L.. should be about 20 power gain lengths
Lg. Using eqs. (3) and (9) one can obtain that at fixed val-
ues of the undulator length L., beam current I and normal-
ized emittance ¢, the absolute minimum of the wavelength
is achieved at the undulator parameter K = 1. The min-
imal wavelength and the energy at which this minimum is
achieved are given by the following expressions [7]:

2;[1 8/15
n I y

20,13 [f—“] " [-j]:]m , (10)

Amin2d5m [Xor, ] /® L7110 [c

where X = h/mec. It should be noted that these formulae
give only an cstimation of the limil. because they have been
oblained using expression (9} for the rate of the energy dif-
fusion which is valid only for & % 1.

To obtain a feeling aboutoptimized parameters of the FEL
amplifier for operation at the shortest possible wavelength,
we present in Table 1 three parameter sets.

(jl-l
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4. Conclusion

In conclusion we should summarize the following. In prin-
¢iple, quantum fluctuations impose a limit to achieving short
wavelengths. The only real possibility to decrease the min-
imal wavelength is to decrease the value of the 1.ormalized
emittance. At the present level of accelerator technology
it could be possible to construct electron accelerators with
a peak current of few kA. a normalized emittance of about
10™* cm rad and an uncorrelated energy spread in the beam

about one MeV, At these electron beam parameters the min-

imal achievable wavelength in an X-ray FEL will be in the
rangeof 0.5 — 1 A.
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Abstract

A novel type of an FEL amplifier with diaphragm focusing line (periodically spaced absorbing screens with holes)
has perspective to be used for application where high average and peak radiation power is required. In this paper
we present the derivation of the Green’s function for diaphragm focusing line. The approach to obtain the Green’s
function is based on the using of impedance boundary conditions proposed by L.A. Veinstein (1]. This algorithm
of electromagnetic field calculations can be implemented in linear and nonlinear codes for simulation of the FEL

amplifier with diaphragm focusing line,

1. Introduction

It was shown in [2, 3, 4] that the laser driver for com-
mercial inertial confinement fusion reactor could be
constructed on the base of FEL amplifier technique.
It becomes possible sue to the use of a multistage FEL
amplifier. Such an FEL amplifier configuration pro-
vides a possibility to obtain peak power of radiation
to be much more than the peak power of the elec-
tron beam. Nevertheless, in a large number of stages,
when the radiation power is of the order or greater
than the peak power of electron beam, diffraction ex-
pansian of radiation significantly decreases the rate of
the energy extraction off the electron beam. In other
words, there is ne possibility to use conventional FEL
amplifier scheme in which radiation is confined due to
“optical guiding” eflect [§]. To overcome this prob-
lem, we have proposed to use the scheme of the FEL
amplifier with diaphragm focusing line. A diaphragm
focusing line has a form of periodically spaced screens
with round holes and is inserted inside the undula-
tor. It provides external focusing of radiation due to
the diffraction effects and confines the radiation in the
vicinity of the electron beam.

Diaphragm focusing line operates as follows. Con-
sider electromagnetic wave passing inside the se-
quence of diaphragm. When the electromagnetic wave
diffracts at the first diaphragm, it produces diffraction
pattern in the plane of the next diaphragm. When the
second diaphragm is placed in the main maximum of
the diffraction pattern, diffraction losses are minimal.
Further, sideband maxima of the diffraction pattern

(35—

produced by the second diaphragm are less than that
of the first pattern, etc. When the wave passes a large
number of diaphragms, the field eigenmode is formed
which has low diffraction losses.

The first investigation of the diffraction effects in-
fluence on the forming of the field in the diaphragm
line was carried out by Fox and Lee using Huygens’
principle [6]. A more rigorous approach based on
Maxwell's equations was developed by Veinstein [1].
Here we use Veinstein method. When the radiation
wavelength is much less than the size of the diaphragm
line, the impedance boundary conditions can be im-
posed equivalent in effect to the diaphragm edges ac-
tion. Thus, the problem of the open waveguide exci-
tation is reduced to that of the closed one. Impedance
boundary conditions do not depend on the polariza-
tion of the radiation field.

In our previous paper we reported on the develop-
ment of analytical techniques to solve the eigenvalue
problem of the FEL amplifier with axisymmetric elec-
tron beam and diaphragm focusing line [7]. In this pa-
per we present the derivation of the Green’s function
for axisymmetric diaphragm focusing line. The ob-
tained expressions can be implemented in linear and
nonlinear codes for simulation of the FEL amplifier
with diaphragm focusing line.

2. Formulation of the problem

We consider the electron beam moving along the z
axis inside the axisymmetric diaphragm line in the



magnetic field of the helical undulator:
He+1Hy = Huexp(—ikuz),

where Hw and A = 2/% /&, are the amplitude of the
magnetic field and the period of the undulator, re-
spectively. The angle of the electron rotation in the
undulator is equal to 8, = K/, where v = & /m.c?
is the relativistic factor of the electron with nominal
energy £. N = eHowlu/2xm,.c? is the undulator pa-
rameter, (—¢) and m. are the charge and the mass
of the electron, respectively, and ¢ is the velocity of
light (we use CGS units in this paper). The electron
rotation angle is cansidered to be small and longitudi-
nal electron velocity v is close to the velocity of light
(vs >~ c).

The diaphragm line is formed by a sequence of ab-
sorbing screens with holes. Period of the diaphragm
line is equal to L and radius of the holes is equal to
. The diaphragm line is azimuthally symmetric rel-
ative to the undulator axis which coincides with the 2
axis of the polar coordinates (r, ¢, z). We assume the
Fresnel number Np = R2/AL (where X is the wave-
length of the amplified electromagnetic wave) to be
large, (Np 3 1), The electric field of amplified elec-
tromagnetic wave is presented in the complex form:

Ex +1iEy = E(z,y, ) expliv(z/c — )],

where w = 2rc/A. We let for simplicity the electro-
magnetic wave to be circularly polarized. Such an
assumption does not restrici the generality of con-
sideration, because the polarization degeneracy takes
place in the system under study.

The electromagnetic field in a diaphragm line is
sibjected to the wave equation
EVE -2 Efar® = = ¢*V(V o £) + 470j /a1, (1)
which can be obta.med from Maxwell’s equations. The
vector J denotes the electron beam current density.
If the transverse dimensions of the diaphragms and
the electron beam are rather large, the field in the
diaphragm line is approximately transverse and we
can neglect the term V_"(\? o E}in the right part of eq.
{1). Longitudinal component of beam current density
Jz is a periodical function and may be expanded in a
Fourler series:

oo
Ju = Z Im(z, ¥, z)exp(imy) + C.C.,

m=1

where phase ¢ = & z+w(z/c—t). Taking into account
that the transverse current density has the form

Ix 4+ i)y = 8w exp(—ikwz}ie,

cJé
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we find that E satisfies the equation (we keep here
only “resonant” terms after averaging over the undu-
lator period):
VIE +2i(w/c)dE (82 = —axifu(w/c®)]1. (2}
The typical scale of the amplitude E change is as-
sumed to be much more than the wavelength, thus
the second derivative of £ with respect to z is omit-
ted in eq. {2).

We represent the first harmenic of the electron
beam current density 11 and amplitude of radiation
field £ as a Fourier series in the angle ¢:

n=-+4o5

= > 3G exp(—ing),

n=—on

sz e)

n=+400

Z E™(z, 1) exp(—ing)

n=—oo

E{z,r o) =

The Fourier components £(") are calculated with the
integration of the following partial diflerential equa-
tion:

a?
E
To solve this equation we should impose bound-
ary conditions for the radiation field at the edges of
the diaphragm line. In this paper we, following the

method of Veinstein (1], use the impedance boundary
conditions:

19
r or

2w 3

* c 0z

‘n2 “in 4TI'I' “(n
-]3] E( } = —-cTﬂwWJE ).(3)

EP 4+ .')am/cL/azwaE(“)/ar] —

where fo = ((1/2)y/x ~ 0.824 and ¢(...) is the Rie-
mann’s zeta function. Thus, the problem of the open
waveguide excitation is reduced to conventional one
of the closed waveguide excitation.

3. Calculation of Green function

The Laplace transforms of the Fourier components

En
oo

B (o) = / exp(~p2) Bz, 1)d

0

are submitted to the following ordinary differential
equation

d2
2

where notations are introduced:

1d n? n “(n
T qz—r—Q]E()=f( ), (4)

¢" = 2ipw/e,



F™ = 21w B (r) = (4718w /)™ (p, 1),
o

W0 = [ exa(—pa)i{r)de.
[v]
To solve the inhomogeneous differential equation (4)

we use the Green’s functions method. We seek the
solution of eq. (4) in the form:

R
E{p.r) =]f(“)(p,r')G(")(r,r',p)r'dr',

0
where function G{™}(r,7',p) is the Laplace transform
of the Green's function G™(r,r’, z) which has to be

found. The function &™) is the solution of the homo-
geneous equation

a° 1.3 n? ~(n
[a—ﬁ”f:aw?—,—;]c‘ rr',p) =0, (5)

which satisfies the conditions

[C‘[“) + {1+ i)ﬁo\/cL/finG'(“)/ar] lr=r =0,
G™)omrrgo = G,
36'{“)/3T|r=r'+0 _ Bé{")/aflr=r‘—0 =1/r". (6)

We seek the solution of eq. (5) in the form:
Region 1 (0 < r < r'):

G r, 7' p) = Arda(gr), (7a)
Region 2 (r' < r < R):

G, v p) = A2dn(ar) + AsNa(gr), (7b)

where J, and N, are the Bessel function and Nen-
mann function of the order n. The conditions (6) give
us the following equations:

A2Jn(£) + -ASNH(E) =0
Ardnler') = A2 Ju(gr') + AaNe(gr')
A2dn{gr’) + AsNo(gr') — Ay Tn(gr') = 1/qr',  (8)

where £ = gR{1 4+ A) and A = (1 4 1)Bo+/cL/4wR2.

The solution of this system is given by

Ar=(x/2)Nu(g7") = (%/2)Tu(qr")Na (£} Ja(£)
Az=—(n/2)Ja(gr')Nn(£}/ Ta(£)
As=(m/2)Tn(gr"). (9)

E
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To find the coefficients A, we used the relation for the
Bessel functions:

No(X)Ta(X) = Jn(XINWX) = =2/xX.

Substituting expressions (9) into expressions {7) we
obtain:
Region 1 (0 < r < r');

G (e, v p)=(n/2) [Ju(€)Nnalgr')—

Na(€)Jnlar)] Tnlgr)/Jal€),  (10a)

Region 2 (r' < v < R):

G (r, v, pY=(n/2) [1n{€) Nu(gr)~
Na(§)Tnl(gr)] Jnlgr')/Ja(€).  (10b)

Fourier components E(")(z,r) are obtained by
means of the inverse Laplace transformation of

E(™Mp, r):

¥ tioe

2n 1 n

E) (2 0y = 5= / dpE' )(p,r)exp(pz). (11}
ot —ioo

The path of integration in the complex plane p is par-
allel to the imaginary axis. The constant 7' is a posi-
tive number which is larger than all real parts of the
integrand singularities. Using Borel’s theorem

]cdzem(—m)jf(z)@(-—

1]

o}z = f(p)®(p), (12)
where

7o) = / dz exp(—pz)f(2)  &(p) = / ds exp(~p2)(2), (1)
0 0

we get

E‘(")(z,r) = %E/Ei:‘)( G(") (r, 7, z)r'de’ —
0
R
ig-{ﬂwwfdr’r’ =
C
0
/dz':fgn)(z', r')G(")(r, oz —2"). {14)



The Green’s function G(")(r, ', z) is also obtained by
means of the inverse Laplace transformation:

7 tiso

GM(r e 2) = 2L dpG™(r, 1", ) exp(pz). (15)
T

¥ =ico

The integral (15) is usually calculated along the closed
loop with application of the theory of residues. Con-
sider the closed loop consisting of the straight line
(7' — o0, ¥ +ico) and a half-circumference of infinite
radius in the left-hand hali-plane. It can be shown
that function G'™ is a single-valued function of a com-
plex variable p and satisfies the condition of the Jor-
dan lemma. In accordance with Cauchy’s theorem,
the integral along the straight line (v' — o0, v’ + ic0)
can be represented as the sum of the residues with
respect Lo the poles inside the loop. Finally, the so-
lution for the Green function G{™ is written in the
form:

¢, 7 2)=—1 D exp(dsz) x
2

Tn(gi7) In{g;7' ) Nu(&5)

16
4Tn(E)/dplpmr, (16)

where }; is the j th root of the equation
Ja(€) =T (qR(1 + A)) =0. (17)

Using approximation of a large value of Fresnel num-
ber, R2/AL, we find from eq. (17):

X, = —icv, {1 — 28) /2w R?,

where vy, is the j th root of the Bessel function of
the n th order. The final expression for the Green’s
function has the form

Y exp(—ictdj(1 - 2A)(z — 2') 2w R ) T2 (vn5) %
J
I (0 (1= DY [R) Ja {vny(1 — A)'/R). (18)

G(")(r, vz — z') = -

To find G'™) we have used the following relations:

dJn{€)/dplp=s; = (dTu(€)/dE|e=v,; ) iw RP (1 + 2A)/crm,

Nalvns) = =2 (7vnydJn(€)/dElern; ),

dJa(8)/dE|¢=v; = ~JTne1{vnj).
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4. Example for application of Green function

Let us demonstrate the application of the Green’s
function for solution of the initial-value problem for
the FEL amplifier with axisymmetric electron beam
and diaphragm focusing line. In the linear approx-
imation, in the case of negligibly small space charge
field, the evolution of the complex amplitude 35")(.:, r)
of the first harmonic of the beam current density is
given by the equation {8]:

dé;(n) 7t “(n ewly, | a(n
d;, +z.c——d’z —Cim = 21(:725010(1')[':( Hz,r), (19)
z

where £ is the nominal energy of the electrons,
C = kw = wf2v¢ is the detuning of the. particle
with nominal energy £ from resonance with wave,
7;"2 = 7% 4 82, v = f,'o/mcz, 0w = eHufEokw,
—Jo(r) ~ —ecno(r) is the longitudinal component of
the beam current density at the undulator entrance,
no(r) is the beam density. Substitution (14), (18) into
(19), we obtain the single integro-differential equation
for the first harmonic of the beam current density ﬁ")
which can be solved numerically using computer code.
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Abstract

The paper presents calculations of the rate of energy diffusion in the electron beam due to quantum fluctuations
of undulator radiation. The cases of a helical and a planar undulator are considered. Universal fitting formulae
are obtained valid for an arbitrary value of the undulator parameter.

1. Introduction

When relativistic electron beam passes through the
undulator, it emits radiation. This process leads to
the decrease of the mean energy of electrons and to
the increase of energy spread in the beam due to quan-
tum fluctuations of undulator radiation. This effect
should be carefully taken into account when designing
systems equipped with undulators. For instance, the
effect of energy diffusion imposes a fundamental limit
on a minimal achievable wavelength in an X-ray free
electron laser [1].

For the first time coefficient of energy diffusion due
to quantum fluctuations of synchrotron radiation has
been calculated .in ref. [2]. This expression is also
valid for calculation of energy diffusion in the undu-
lator at large values of the undulator parameter. At
small values of undulator parameter the coefficient of
energy diffusion could be simply derived using approx-
imation of Thompson scattering of equivalent photons
on electrons [3, 4]. In practice, the parameters of de-
vices are frequently lying in an intermediate region
and in this paper we consider the case of arbitrary
value of the undulator parameter. Using the results
of numerical calculations, we have obtained universal
fitting formulae for a helical and a planar undulator
providing a high accuracy.

2. Helical undulator

We consider ultrarelativistic electron beam propagat-
ing in an undulator. The mean energy loss of the

N

electron is given by (in CGS units):
dEjdt = —2r2cy*H? 3 |

where r, e’/mc® is classical radius of the elec-
tron, £ is the energy of the electron, v = £/mc” is
relativistic factor and —e and m are the charge and
the mass of the electron, respectively. Magnetic field
H(z) = (Hx, Hy, H,) at the helical undulator axis has
the following form:

H(z) = (Hw cos(kwz), — Hwsin(xwz),0) .

where H. is the amplitude of the magnetic field, &, =
2r/Aw and A, is the undulator period.
The rate of energy diffusion is given by the expres-

SI0N:
d< (6 > df
_T = dwﬁ.aE . (1)

The spectral intensity of an undulator radiation
df fdw was calculated in ref. [5].

The expression for the rate of energy diffusion can
be written in the following form (we assumed that
number of the undulator periods is large, so the spec-
trum broadening due to the finite number of periods
is neglecied):

d< (67> 14 $.3 g2y -
—dt_- = Eclcrev hw.[\ F(I\) f

(2)

where A. = h/me, K = eHy/kemc®. Tt is impor-
tant to notice that the energy diffusion is expressed



F(K)

4] 1 2 a3

Fig. 1: Function F(R') for helical undulator. Solid curve
iz calculated with formula (3), the circles are calculations
with fitting formula (5) and dotted curve is calculated with
asymptotic formula (4) for large values of K.

in terms of dimensionless function F(A&’) of the only
undulator paratneter K . Function F(K) is defined
as

o0

.. 60 1 3
F{[\ )=TWZn X

n=1
1
2 re "'2
/dy'y [Jn (=} + (;2"—
]

where J, and J,, are the Bessel function and its deriva-
tive, respectively and

14+ K%Y
“};‘,—“) Jn(x)] (3)

K
E ey 1-— .
= Ty

The plot of this function is presented in Fig.1. For
the cases of small and large values of the undulator
parameter K, there exist well known asymptotes [2
3, 4):

3

) 1 at K € 1
Fiky= { 11221257"3 K ~142K at K >» 1. ®)

In the general case there is no possibility to obtain
analytical expression and we write the following fitting
formula:

1

(Y= 142K .
PRy =142k + e T owee )

This formula provides an accuracy better than 1 % in
the whole range of parameter A (see Fig.1).

jOO
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F(X)

Q 1 2 3

Fig. 2: Function F{K) for planar undulator. Solid curve
is calculated with formula (7), the circles are calculations
with fitting formula (9) and dotted curve is calculated with
asymptotic formula (8) for large values of K.

3. Planar undulator

Magnretic field at the planar undulator axis has the
following form:

H(z) = (H. cos{kwz),0,0) .

In this case expression for the rate of energy diffu-
sion is given by the expression:

d < (§v) >

7 o2 g
o = Ecxcm‘ximp(h) : (6)

Universal function F(A'} has the form: *:

1
o
=120 1 Nl
F(K) == If2(1+h"/2)2zl:n fdnyn (7)
L+
where

2w
_ _L _ (S] +2Sz/n)2 2 2
Gr = by fﬂnd’i’, On = 4(1 —y)COSQQ') - yS, nS] 52.
0

oo

Si= 3 o ipla), So= D pIpke)dnsap(z),

p=—0ok pP=—0oC

2K K?
RV i A (e T/

For the cases of small and large values of the undu-
lator parameter A", we have:

} 1 at N €1
Fun = {—7"::5 K ~120K  at K 1. ®

1There is misprint in the corresponding expression (14)
for dI/dw in ref. {5]. There should be minus sign inside
the square brackets in the expression for function f(w).



In the general case function F(K) is fitted with the
following formula:

1

ARy =120k K v omk? )

providing an accuracy better than 1 % in the whole
range of parameter K (see Fig.2).
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Abstract

This paper presents the further development of a concept of a FEL based driver for commercial inertial confine-
ment fusion reactor [1)-[3]. We have shown technical feasibility of constructing a laser system with the following
parameters: laser light wavelength 0.5 pm, flash energy 4 MJ, repetition rate 10 pps and net efficiency 10 %. I
becomes possible due to the use of a novel scheme of optical power summadtion.

1. Introduction

I was shown in refs. [1]-[3] that the laser driver for
commercial ICF reactor could be constructed on the
base of free electron laser (FEL) technique. In this pa~
per we present a novel scheme of a multi-stage FEL
amplifier for ICF energy driver which allows to achieve
a higher energy of radiation flash {up to 4 MJ} and
ultimate contrast of the laser radiation. It is impor-
tant that this scheme allows to reduce significantly
the requirement on the value of the average current
of the driving accelerator with respect to the scheme
considered in ref. [1].

An important feature of the propased driver is that
four optical pulses” are amplified simultaneously in
each FEL amplifier channel. As a result, the num-
ber of FEL amplifier channels is reduced by a factor
of four. On the other hand, such a solution forces
to design a more complicated cutput optical system.
Nevertheless, self-consistent economical analysis, per-
formed in ref. [4], has shown that it results in the
reduction of the total cost of the driver by a factor of
two with respect to the design presented in refs. [1, 2].

2. Summation of optical power

The main elements of the scheme are the beam trans-
port line with kicker-magnets, matching arcs and
multi-stage FEL amplifier (see Fig.1). A train of N
electron bunches (N is equal to the number of the
FEL amplifier stages) is fed to the entrance of the
beam transport line. The bunch separation in the
train is equal to 2L,, where L, is the length of one

1o

slsctron icker
beam magnet arc

1st stape

undulater

makter
laser

Fig. 1: The scheme of optical power summation.

stage of the FEL amplifer. The first bunch of the
train passes the whole beam transport line and is fed
to the entrance of the first stage of the FEL amplifier
and amplifies an optical bunch from a master laser. At
the exit of the undulator the first bunch is directed to
the beam dump and the optical pulse is amplified in
the second stage of the FEL amplifier by the second
electron bunch of the train. The delivering of the sec-
ond bunch to the second stage of the FEL amplifier
is provided by means of switching on the first kicker
magnet after passage of the first bunch, etc.

3. Design of the driver

The main parameters and general layout of the driver
are presented in Table 1 and Fig.2. Driver consists
of three main parts: driving beam generation system,
multi-stage, multi-channel FEL amplifier and output



Table 1: General parameters of the laser fusion
reactor driver

Radiation wavelength 0.5 gm
Laser pulse length 7 ns
Laser beam brightness 5 x 10?®W /cm?sr

Flash energy 3.5 MJ
Repetition rate 10 pps
Net efficiency 10 %

X accelaration #yitem
detay line
tunnel

3 GeV
linace

alectron beam
eparation and
synchrooization 1yatem

FEL mystem

tunnels lor BTL

oaptical beam 4
eXpansion
channsl

reactor chamber

Flg 2:; Layout of the ICF reactor.

4 X 6400 8 x 400 pulse:s
micropulses 320C pulses 344 racssc
3072 mcrec 3072 mceec 15.36 MJ
4=channel |- Elsctron beamn [—T
ation Electron Ilunm - separation and F—= to FEl
rystam [»]| summation synchronization [—= wynaem
3 GeV¥ =t system aysiem —
8 x4 optical & channels 8 = 32
pulses with25 m  <hasnels with
4 M diameter 40 cm diametar
. l i l
= - . — Cicat optical beam
oI B-channel F3 graxing — °: e - separation and
= FEL mirrors —] *am wynchronization
=] amplliar h —t] divider ryscem
1024
optical
h 1
optical beam
wummation
sysvem
64 optical channels
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Fig. 3: The scheme of the FEL based energy driver.

optical system.

3.1. Driving beam generation system

The driving beam generation system consists of four

RF accelerators, 2 beam summation system and a sep-

aration and synchronization system (see Fig. 3) .
The general parameters of RF accelerators are pre-
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Table 2: General parameters of accelerator

Electron energy 3 GeV

RF {requency 500 MHz
Accelerating gradient 5 MV/m
Macropulse duration 308 us
Repetition rate 10 pps
Shunt impedance 5 MQ/m
Stored RF energy 23 )/m
Q-factor of unloaded structure 2.5 x 10*
Wall RF power losses 3.1 MW/m

o3

Klystron 32 MW paak powsr
100 KW averags powsr

RF pulss width 208 mciec
J00 MHz RF frequency

Fig. 4: Module of the RF linear accelerator.
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207.2 m:lo:——l’l“””"”"I”l“““]lIIEIII
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12.8 mA
35

100 ms l

3072 mevec — B

Flg 5: Electron beam pulse format in the RF accelerator.

sented in Table 2. The accelerators have module
structure (see Fig. 4). Time diagram of the accel-
erator operation is presented in Fig.5.

To obtain a high value of the average beam current,
we use the beam summation system which combines
the beams with average over macropulse current of
4.2 A produced by each of four RF linear accelerators
into one beam with average over macropulse current of
16.8 A. This is performed in two stages (see Fig.G). At
each stage two electron beams with different energies
of electrons are combined and then their energies are
equalized in a special RF accelerator (see Fig.7).

Separation and svnchronization system separates
the electron beam of 307.2 us duration into eight par-
allel bearns of 38.4 us duration. It has the appearance
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Fig. 6: The scheme of the electron beam summation sys-
tent.
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Fig. 8: The scheme of the electron beam separation and
synchronization system.

of delay line with the filling time equal to 268.8 ps {see
Fig.8). Such a delay line could be placed in two par-
allel tunnels of 5600 m length connected by arcs with
the radius of 50 m. The beam transport line is placed
in this tunnel in the same manner as in race-track mi-
crotron. After filling the delay line, seven kicker mag-
nets are switched on simultaneously and we obtain
eight parallel bunch trains of 28.4 gs pulse duration.

3.2, FEL amplifier

FEL amplifier consists of eight parallel channels and
each channel has appearance of multi-stage FEL am-
plifier with 100 stages of amplification (see Fig.9).
The principle of operation of this scheme has been de-

loy
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Fig. 9: The scheme of one channel of the FEL amplifier.

Table 3: Parameters of 100 th stage of the FEL
amplifier

Electron beam

Electron energy 3 GeV

Beam current 2 kA

rms energy spread 0.1 %
Normalized emittance % 107% ¢m rad
Undulator

Undulator period 15 ¢m

Undulator field (enter/exit) 15.3 kG / 6.1 kG
Length of the main undulator 48 m

Radiation

Radiation wavelength 0.5 pm
Efficiency 6%
Diaphragm line

Period 10 cm
Radius of the holes 1 cm

scribed in section 2. The bunch train at the entrance
to the beam transport line of each channel consists of
400 micropulses separated by 96 ns. Each micropulse
consists of eight electron bunches separated by 1 ns.
The time interval between the switching on of kicker
magnets is chosen to be equal to 384 ns. [t means
that each channel of the FEL amplifier amplifies si-
multaneously four optical micropulses with the same
time structure.

The first stage of the FEL amplifier is destined to
amplify relatively weak signal from the master laser
{(Wexi = 1 MW) by a factor of the order of 10°. It
is designed in a standard manner, i.e. its undulator
has a long untapered section and a section with ta-
pered parameters. Subsequent stages of the FEL am-
plifier amplify a powerful optical beam and provide
small amplification per one stage. They operate in a
tapered regime from the very beginning and are de-
signed using a scheme of multicomponent undulator
(i.e., prebuncher ~ dispersion section - tapered undu-
lator). The parameters of the prebunchers, dispersion



sections and undulators are optimized for each stage
to achieve maximal efficiency. To provide effective fo-
cusing of the radiation in these FEL amplifier stages,
the diaphragm focusing line is used [1, 5].

Optimization of parameters of the FEL amplifier
has been performed in ref. [4]. Total efficiency of the
multi-stage FEL amplifier (averaged over all stages)
is equal to nrpr =~ 0.26. For illustrations we present
in Table 3 parameters of the last {100 th) stage of the
FEL amplifier.

3.3, Output optical system

The function of the output optical system consists in
transforming of the input FEL radiation (8 beams of
384 ns pulse duration) into 64 parallel laser beams of
T ns pulse duration which are directed to the reac-
tor chamber [4]. Iis operation proceeds in the three
phases: the expansion of radiation, separation and
synchronization of the beams and summation of the
laser beams, The density and the flux of the radi-
ation energy on the optical elements should be less
then 30 J/em? and 3 GW/cm?respectively. So, at
the first stage the laser beams are expanded from the
size of 2 cm {at the FEL amplifier exit) up to the
size of 2.5 m {see Fig.3). Separation and synchro-
nization phase consists of two steps. First, the initial
eight laser beams are divided into 256 beams. Second,
each of 256 beams are transformed into 1024 parallel
beams of 7 ns pulse duration.The necessity in the di-
viding step is defined by the technical limitations of
Pockel’s cell which is the main elemment of optical de-
flector (see Fig.10}. The transmission factor of output
optical system is given by the product of the trans-
mission factors of three stages: expansion stage (T =~
0.99), dividing stage (T; =~ 0.95), and separation stage
(T2 =~ 0.94), and equal to T,p =~ 0.89.

polarizer

Pocksla cell € loss: L% ¥ Gutput

loas: 2X 3
SRS
e&w&wﬁ

\bput optical
beam

output

Fig. 10: The scheme of the optical deflecior.

3.4. Efficiency and cost estimation

The efficiency of the proposed ICF energy driver is
defined by the product of the efficiencies of accelerator
(nacc = 0.45), of the FEL amplifier (yreL = 0.26)
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and of the output optical system (nopT = 0.89) and
is equal to fToT =~ 0.10.

The total cost of the FEL based fusion driver con-
sists of three main parts: the cost of the accelerator
complex (600 M$), the cost of the multi-stage, multi-
channel FEL amplifier (700 M$) and the cost of the
output optical system (200 M$). So, we estimate the
total cost of the FEL driver for ICF reactor to be
about 1500 M$ [4).

4, Conclusion

An important feature of the proposed scheme is that it
could operate with large spacing of electron bunches.
As a result, the requirements on the value of the av-
erage current of the driving RF accelerator could be
reduced significantly. Another advantage of the pro-
posed scheme is in providing the absolute contrast
of the radiation pulse (i.e. there is no any preheat-
ing of the target) [4]. This scheme is more preferable
with respect to the FEL amplifier design, because the
harmful influence of the synchrotron radiation is de-
creased by two orders of magnitude with respect to
the scheme considered in refs. [1, 2]. Also the prob-
lem of the beam dump could be solved in a simple
way because each bunch passes only one stage of the
FEL amplifier.
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Abstract

The paper presents simulation results of Self-Amplified Spontaneous Emission (SASE) FEL at the TESLA Test Facility
(TTF) at DESY. One-dimensional, time-dependent program package FEL1D was used for simulations. When simulating
lincar mede of operation, we have used actual number of electrons in the beam, N =~ ¢ x 107, to calculate initial shot noise
conditions at the undulator entrance. It was found that there is good agreement between simulation and analytical results. We
also performed calculations of autocorrelation functions of the first and the second order, temporal and spectral characteristics
of the output radiation of TTF FEL operating in lincar and nonlinear SASE modes. '

I. Introduction

Self amplified spontaneous emission free electron laser
(SASE FEL) is being planned to construct at the TESLA Test
Facility at DESY [1]. One of the problems of the SASE FEL
design consists in calculation of the cutput characteristics of
such an FEL amplifier starting from noise, Consideration of
TTF FEL startup from noise was done previously in ref. [2],
where authors have used the modified GINGER code [3]. In
this paper we present the simulations of 6 nm option SASE
FEL at DESY using one-dimensional, time-dependentcodes
constructed on the base of program package FEL1D {4].

The linear simulation code is based on the FEL equations
written down in linear approximation. This code allows one
to perform rigorous simulation of initial conditions. When
performing linear simulations of SASE FEL, we have used
actual number of glectrons in the TTF beam, N = 6 x 10%,
to calculate initial shot noise conditions at the undulator en-
trance. The results of linear simulations are compared with
rigorous results of SASE FEL theory [5, 6]. It was found that
there is good agreement between simulation and analytical
results.

The nonlinear simulation code is based on macroparticle
method. When performing nonlinear simulations we can not
use actual number of the particles due to limited capabili-
ties of computer. To overcome this problem, we have used
technique proposed in ref. [7] when initial conditions are
madelled with smali number of macroparticles distributed
by special method.

Using linear and nonlinear simulation codes we calcu-
lated autocorrelation functions of the first and the second or-
der, temporal and spectral characteristics of the output radi-

0k

ation of TTF FEL. These results could be of use for potential
users to define the scope of experiments which could be per-
formed with SASE FEL radiation.

2. Rigorous results of SASE FEL theory

In SASE FEL at DESY the only fundamental TEMos mode
is survived which has full ransverse coherence. It means,
that when considering input shot noise, we should take into
account only its fraction bhaving full ransverse coherence.
The value of this initial modulation could be calculated as
follows. Letus considera monoenergetic electron beam with
a current fg. Then we remember that the electron current is
constituled by moving electrons:

I(t)=(~¢€) Y _8{t—1), N

k

where 8{ } is delta-function, (-¢) is the charge of the elec-
tron and ix is arrival time af the electron to the undulator
entrance. Using this simple physical picture we can calcu-
late the mean squared value of the Fourier harmonic aver-
aged over an ensemble (for w 5 0):

<| f{w) P>=< ezzze.wm—:j)>=eth @)
LI

where [yT'/e is the average number of electrons passed
through undulator entrance during the time interval T

In the framework of one-dimensional model and
when the effects of space charge field and energy
spread in the beam could be neglected, an FEL opera-
tion could be described in terms of the gain parameter



I' and the efficiency parameter p (see, e.g. refs. {4]x
T = [27%56 K2 A 2042 v®]72, p = AnT/4x,
where A, is the unduolator period, K edw Hy [2rme?
is the undulator parameter, H is the undulator magnetic
field. jo is the beam current density, (—e) and m are
the electron charge and mass, /4 = mca/e ~ 1TkA,
Ay = Jo(v) — Ni(vyandw = K2/ (4 + 2K2).

Solution of the initial-value problem in a high-gain limit
for the case when modulaled electron beam is fed to the en-
trance of a planar undulator has the form (see, e.g. [4], Ap-

pendix BY:
{E@,$)] 1 V3 13(w) |
—h  —3% [ (1- —) ] L (3)

where 2 = I'2,8 = CfT = (wo — w)/2pwp is detun-
ing parameter and wo = 4mey® [[Aw{l + K?/2)] is reso-
nant frequency, £{w, =) and (w) are, respectively, Fourer
components of electric field of the wave E{¢, z) and of the
beam current density 7 (1) at the undulator entrance. Normal-
izing factors Ey and jo are given with the expressions: Ey =
8wty T af(Awcl Ara), Jo = Io/S, where S is the trans-
verse area of the electron beamn. We have mentioned above
that transversely coherent fraction of the input shot noise is
defined by the total beam current, so j{w)/jo = Hw}/ 1o .

The radiation pulse energy averaged over an ensemble is
defined as

(=]

cS

< W= [ <j B(w,2) "> dw. @)
472

o
Substituting eqs. (3) into eq. (4) and taking into account
eq. (2). we can calculate the radiation power Poyy =< W >
/T averagedover an ensemble and the normalized efficiency

[8]:
_ Vame
3 \/ \/'EANA

where Ny = 27 ] /ewy. We can also write the expression for
the spectrum bandwidth (half width at half maximum) of the
SASE FEL[9]:

exp[V34],

= eP‘,m/p'ymczl = (5)

Dw

wo

In2 p
V3 Ve

To describe correlation phenomena, the notion of autocor-
relation function is introduced. The first order autocormrrela-
tion function is defined as:

HWHM

(6)

[ d{aw) <f B(z, Aw) > cos[(Aw)7]

—coc

Biir,z)= — ,

[ d(aw) <| B(z, Aw) 2>

—0

where Aw = w — wo. Taking into account expression
{or spectral density ( see eq. (4)) we obtain: B;(r,z)

Io‘.{.
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exp [-977//32], where = pwor. Defining the auto-
correlation time 7,y by the condition of decreasing of the
first order autocorrelation function by factorof 2, we get [2]:

#1n(2)/3V3.

fi2 =
3. Method for time-dependent simulation

Time-dependent algorithm for simulation of an FEL ampli-
fier should take into account the slippage effect. Electron
motion in the undulator is a periodic one, so the radiation

~of each electron is also.periodic function with peried X =

2rcfwo. It seems to be natural to construct the following al-
gorithm [5. 6]. Suppose, we have electron bunch of length
Iy. We divide this length into Ny = [y /A boxes. FEL equa-
tions are used in each box for calculation of the motion of the
electrons and evolution of the radiation field within one un-
dulator period. The using of steady-state FEL equations av-
craged over undulator peried is justified by the fact that the
FEL amplifier is resonance device with a narrow bandwidth.
Then we should take into account the slippage effect, i.e. that
electromagnetic radiation advances the eleciron beam by the
wavelength A while electron beam passes one undulator pe-
riod. It means that radiation which interacted with electrons
in the j th box slips to the electrons located in the next, 7 41
th box. Then procedure of integration is repeated. etc.

This algorithm allows one to calculate the values of the
radiation field for each box as a function of the longitudinal
coordinate z. Time dependence of the radiation field has the
form: E(z,t) = E(z,t)e'wo(*/= 4 C.C. atany position
along the undulator. Here we explicitly segregated slowly
varying complex amplitude £{z,t). Remembering that at
any fixed point z of the undulalor, time interval between the
amival of radiation connected with to adjacent boxes is equal
o At = 1;41 — t; = Afe, we have discrete representation
of E(z,t;).

To calculate speciral characieristics of output radiation,
we use Fourier transform. Taking into account that the ra-
diation field £z, t) is calculated in discrete moments, we
obtain { Aw = w — wp and w > O);

E(Z,u.') = i_:_ Z E(J]e—Qf-IJAw/wn‘. (7)
i

The total radiation energy in the pulse is given by the ex-
pression:

<5
4x?
—ob

W= E(z, Aw)E*(z, Aw) d(Aw) . {8)

The first and the second order autocorrelation functions,
Bi(7) and B2 (7}, are calculated in accordance with the def-
initions:

< E(t,z)E*(t+r.2)+ C.C. >
2 <| B(t,z) 2>
<| E(t,z) P| E(t+7,2) |*>
[<l Bz, 2) 2>} '

Bi{r. z)=

Ba(r, z)= 9



Table 1: Parameters of TTF FEL /6 nm option/

Electron beam
Energy, &
Peak current, Iy 2500 A
rms bunch length, o 5x 10™% em
Normalized mms emiltance , e, 2 x 10~ cmrad
External 4-function, 300 cm
Number of bunches per train 7200

1000 MeV

Repetition rate 10Hz

Type Planar

Period. Aw 273 cm

Peak magnetic field, Hw 497 kGs
Radiation

Wavelength, A
Reduced parameters

Gain parameter, [’

Efficiency parameter, p

6.42 nm

9.7 x 107 cm™!
2.1 x 102

where nolation "< ...
interval T'.

>" indicate average over a lime

4. Results of numerical simulation

General design of 6 nm option of SASE FEL at DESY is pre-
sented in ref. [1]. Design parameters of the SASE FEL are
presented in Table 1.

The transverse phase space distribution of the particles
in the beam is assumed lo be gaussian. In the present
study we consider two models of axial distribution of the
beam current. stepped profile with J{s) = Iy and
length I, = +/2re. and gaussian profile with I(s) =
Io exp(—s°/202)/+/2w0;, where I(s) is the beam current,
§ = z w1, Iy is the peak beam current (see Table 1}. When
writing down 1-D FEL equations, we substitute the beam
current density by effective value j(s) = I(s)/(2wo?)
where or = /enf8/7. €n is the normalized emittance, 3
is the beta function. It means that the actual beam is mod-
clled by the elcctron beam with constant (along transverse
direction) beam current density having transverse area 5 =
Irgl,

‘When performing numerical simulations, we neglect the
etfecls of space charge and longitudinal velocity spread in
the beam. We also assume that fluctuations of the beam cur-
reat density define the value of input shot noise signal. It
means that we neglect the effect of the longitudinal velocity
fluctuations connecled with finile energy spread in the beam.
One can show that the ralio of the noise signal due to the fluc-
tuations of the velocity to the shot noise signal is of the or-
dcro]‘a%;/f:? 72, where o g is the epergy spread in the beam.
This ratio is always less than unity, because the safely margin
of FEL amplifier assumes that 0%, /€2 < p°.

Linear time-dependent simulation algorithm is organized
as follows. We divide the electron beam into Ny = /)

o
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Fig. 1: Temporal structure () and spectrum of radiation pulse at
z = 12 m for stepped axial profile of electron beam. Calculations
have been performed with linear simulation code.

boxes. Linear steady-state FEL equations are used in each
box for calculation of the evolution of the radiation field
within one undulator period, i.e. within Az = A.T (see,
e.g. [4]): daﬁ'(”jdéa = 1 £ where £ = E‘/Eo is re-
duced electric field of electromagnetic wave in the 7 th box.

If total number of the particles is equalto N, the number
of particles per one box is equal io Ny = N/Ny. To caleu-
late initial conditions, we distribute NV, particles randomly
in each box. Amplitude and phase of the beam bunching are
calculated in accordance with relation:

dEWD 1 Ma () 42 B0}
FE |s=0 = mgexp(—uj)k }, 1 lt=0 =10,

where ¥’) = 2x5{’7 /) is the electron phase and s¥') is ax-
ial coordinate of the particle in the bunch.

In Figs.1-3 we present the results of numerical simula-
tions of linear regime for stepped axial profile of the elec-
tron beam. To calculate initial conditions at the undulator en-
trance, we have used actual number of electrons in the TTF
beam, N ~ 6 x 10°.

When simnulating SASE FEL with steady-state codes, the
notion of "effective” power of input signal £, is usually
introduced. The value of £, could be obtained in the fol-
lowing way. First, at fixed undulator length using time-
dependent simulation algorithm, we should perform aver-
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Fig. 2: First order autocomelation function By () and second or-
der autocorrelation function Bo () of output radiation pulse at z =
12 m for stepped axial profile of electron beam. Circles are the re-
sults of calculations with linear simulation code and solid curve is
calcutated with analytical formula.
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Fig. 3: Dependence of the radiation Aa?h‘eHbdgy on the undulator
length for the stepped (curve 1) and Gaussian {curve 2) axial profile
of electron beam. Calculations have been performed with nonlinear
simulation code.

aging of output power over the total length of the bunch
Four. Then. using steady-state expression for Py, =
(1/9) Pin exp(+/32) we can obtain the value of P,. Calcu-
lations. have been performed at the undulator length of 12 m
and provided the value of B, = 100 W. It is interesting to
compare this value with analytical estimation. Using rela-
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tion (5), we can obtain estimation for "effective” power of
input signal of TTF FEL: P &= 30% Py /Ny =~ 100 W (here
we have taken into account that £ ~ 11 at the length of un-
dulator 12 m). '

It follows from the results of numerical simulations that
all the important characteristics of radiation are in a good
agreement with the analytical asymptotics presented in Sec-
tion 3. Typical difference of the order of 10 % can be ex-
plained by.finite number (~ 10%) of wavepackets (spikes)
inside the radiation pulse of TTF FEL. In particular, this ef-
fect explain an escillating behavior around zero value of the
tails of autocorrelation functions {see Fig. 2). In the asymp-
totics of infinitely long electron bunch one will obtain the ex-
act agreement with the analytical results.

Nonlinear time-dependent simulation algorithm is based
on similar technique described in the previous part. In the
case of nonlinear simulations we can not use actual number
of the panicles due o limited capabilities of computer. To

- overcome this problem, we have used technigue proposed in

ref. [7].

In Fig. 3 we present the results of nonlinear simulations of
TTE FEL for stepped and gaussian axial profile of the elec-
tron beam. The number of macroparticles in each box was
equalto M = 20. We can see (hat the outpul radiation power
continues to grow after saturation point.
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Abstract

In this article we present the results of the eigenvalue problem analysis of an FEL amplifier with circular waveg-
uide, helical undulator and annular electron beam. The eigenvalue equation is derived taking into account space
charge fields and energy spread of electrons in the beam. Analytical expressions for the eigenfunctions of active
waveguide and formulae of their expansion in the eigenfunctions of passive waveguide, are derived, too. Asymp-
totic behaviour of the obtained solutions is studied in details.

1. Introduction

In a low energy region, it is more effective to generate
annular electron beams providing the higher peak cur-
rent and use them as driving beams for the FELs [1].
So, it is important from the practical point of view to
develop the FEL theory for such systems. In this arti-
cle we present the analysis of the eigenvalue problem
for the FEL amplifier with the circular waveguide, he-
lical undulator and annular electron beam. The pre-
sented model of the FEL amplifier allows one to per-
form complete analytical study of the beam radiation
modes taking into account space charge fields, energy
spread of electrons in the beam and influence of the
waveguide walls.on the process of amplification.

I particular, we find here that azimuthal sym-
metry of the electron beam current density modu-
lation does not lead to the azimuthal symmetry of
radiation fields and vice versa. Physically it means
that azimuthal symmetry is viclated by the helicity
of the undulator. Indeed, the electron beam moving
in the helical magnetic field may be considered as a
pyvrothrope active medium. In the case of the open
beam it results in the circular polarization of radia-
tion field. The presence of the walls of the circular
waveguide significantly complicates the situation be-
cause boundary conditions on the waveguide walls are
different for radial and azimuthal components of the
electric field of the amplified wave. As a result, double
degeneration of azimuthal modes is eliminated and it
leads to the mentioned above difference between the
aziimuthal dependencies of the electron beam density

1o

modulation and radiation field.

2. General equations

We consider the electron beam moving along the =
axis in the field of a helical undulater H; +iH, =
H.exp{—ikwz}, where k., = 2xfA, is the undula-
tor wavenumber. We neglect the transverse variation
of the undulator magnetic field and assume that the
electrons move along the constrained helical trajecto-
ries parallel to the z axis. The electron rotation angle
8, = eHw/rwE, where £ is the energy of the elec-
tron, is considered to be small and the longitudinal
electron velocity v, is close to the velocity of light ¢
(vz = ¢). We assume also that the radius of a helical
trajectory of the electron in the undulator is much less
than transverse size of the electron beam.

We consider paraxial approximation when writing
down the equations for electromagnetic field. This
approximation assumes that the characteristic scale
of the field amplitude change along the z axis is much
more than the radiation wavelength and the field is
nearly to be transversely polarized. Under this ap-
proximation the electric field £ of the electromagnetic
wave could be written in the form:

E(z, 71, ()= & Ba(2,70) + &, By (2,71)] x
expliw(zfc—1)]+ C.C. {1)

where € and €y are the unit vectors directed along the
z axis and y axis, respectively, and w is the frequency



of the amplified wave. Here we explicitly segregated
the strong dependence of £ on the z coordinate.

We consider conventional initial conditions when
electromagnetic wave with frequency w and nonmodu-
lated electron beam are fed to the undulator entrance.
Under these conditions the evolution of the electro-
magnetic field amplitude £ in the FEL amplifier is
subjected to the system of integro-differential equa-
tions [2]:

w7 (5) 5 ()]}
f de (dgi_f)) exp {i [W%E + C] {z' - z)} . (2)

where —jo(7L) & —ecnp(7L) is the longitudinal com-
ponent of the beam current density at the undulator
entrance at 2 =0, P=£ - £, C = [r:.,, - w/(2c-yf)]
is the detuning of the particle with nominal energy
£ =0, v =12 +6%, % = o /mec? and —¢ and m,
are the electron charge and mass, respectively. The
F(P) is function describing the initial energy distri-
bution and is normalized to the unity. When deriving
eqs. (2), the space charge effect have been taking into
account using approximation that transverse electron
beam size rg is rather large, 3/v2 » ¢*/w? (in par-
ticular it means that the plasma frequency reduction
in the waveguide can be neglected).

To solve these equations, we should impose the con-
ditions of continuity of the field and its derivative at
the beam boundary and boundary conditions on the
waveguide walls. In the case of circular waveguide, in
paraxial approximation boundary conditions have the
form [2]:

Ew-‘ IF‘=R= 0, a(TEF)/aT [7‘=R= 0, (3)

where R is the waveguide radius.

3. Solution of the eigenvalue problem

In the linear high-gain limit the radiation of the elec-
tron beam in an undulator could be presented as a sct
of modes:

EL(FL, 2,1} = e™(z/=0 Zﬂkék(Fl)exp[Akz] . (4)
k

When amplification takes place, the mode configura-
tion in the transverse plane remains unchanged while
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the amplitude grows with the undulator length expo-
nentially. Each mode is characterized by the eigen-
value Ax (Re Ay is referred as the field gain) and the
eigenfunction ®.(7L) (which presents the field distri-
bution over transverse coordinate).

In the following we consider the case of annular
electron beam with total current I and inner and outer
radiuses r; and rg, respectively. The electron beam
moves.in the field of helical undulator along the axis
of circular waveguide and the system is azimuthally
symmetric relatively to the z axis.

In the high-gain limit, we find the solutions of the
self-consistent field equations (2) for the electric field
of the amplified wave in the form of

E-‘r..;(z,r, p) = F,{I’:)(r)exp(—img: + Az)
where m is integer number. Then we go over to com-
plex amplitudes F(im) = (Fi'") :!:iFém’) and in the

hi§l| gain limit we obtain that the complex amplitude
F+m) is subjected to the equation:

di? T 7 dr 72

[d? 1d _ (m-1)

2iBA — Fi™ =g, (5a)

20
1~:iDA2
inside the electron beam, at ry < r < rg, and outside
the electron beam - to the equation:

2 132 .
[d 1d WF—21)+21'BA] F™ =0,  (5b)

A
The complex amplitude Fim) = (Fﬁ"‘} - z'F&,m)) is
subjected to the equation

& 1d (m+1)

di? ¢ df 72

+ EiBf\] Fi™ =9, (50

inside and outside the electron beam. Here notations
have been introduced:

f=rfro, A=A/T, C=C/T, AZ=AYT2,
B=Trdw/e, Ap=[41/((r5 ~ ) Lav2n)"?,

T = (1202 /(1ac®v2)]'? . Ia=mefe =17 kA,

D= f de (dF(e)/de) [A +iC +i¢] ™, (6)
—o0

where F(¢) is the reduced distribution function. For

the Gaussian energy spread distribution the expres-

sian for the function D has the form:

D= :']Eexp(—ﬂ%fz/'? —(A+iC))ede

0



where AZ = ¢*w?/(7:€3c*I?) is the energy spread
parameter and ¢ is the width of the energy distribu-
tion.

The procedure of the sclution of the eigenvalue
problem consists in writing down general solutions
of equations (5) in each of three regions v+ < 7,
rp <1 < 7o and 1o € r < R and imposing bound-
ary conditions at the beam boundaries {(continuity of
eigenfunction and its derivative) and the boundary
condition (3) on the waveguide wall. As a result, we
obtain the following eigenvalue equation:

0Pl ) Ioms (1) = e Jon(30) Kt (93] —
Pt (g (0) T () + 1T s ()]

Q{ylm(g)Nm—l(n)+#Nm(u)1m-1 N} -
Qg N mig) Noim1 (1) — g N (1) K (g)] = (7)

Here {(J, N) and (I, K} are the Bessel functions of
the first and the second kind, respectively,

O‘Irn(a’)Jm—i(ls) + ,BIm-‘(a)‘]m(.B}

Q= TNt (B) + Blms ()N ()

B=u(B\/B)Y?, By =Trlwjc,

G =yg(0/BY?, Q=TRWw/c,
*=—2BA, W =-20D[1-iDAZ

The radiation field eigenfunction is of the form:
Region 1 (r <11}

F(_m)z-—]—- Im-l(grn)
" S 27 aTn(@) Nonoa(B) + Bl (@) NB)
D(-—) Jm 1( ) QNWI 1(#‘)
T Fooils ) ¥ DeeyIme (g )Im+1(§1”)
F,Lm]=— 1 Im_](gT)

27 alm{@) Nme1(B) + BIm—1(0) Nm(B)

1Py Jms (1) = QNm—1 (1) (8a)
2 Kanailg) + Pryydm—1(g)

i

Tmi1(g7),

Region 2 (ry < r < ro):

F( R Jrn I(I”_:) - Q‘N"l—l(”f) +
Doy Im-r(p) — QNm—s{n) :
- Im
2 Keoi(g) + Dipydm—1(g) +1(07)
F‘S_«m)Z—l.[Jm—l(ﬂf) - Q]Vm_l(p',f)] +
D) i) — QNmar (1) T
2 Km-1(g) + Dyylm-1(g)

=+1(gf) (8b)

A
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Region 3 (ro < r < R):

m Jm— (.U») QNm 1(”
F.-(- ) 1 1 D, Im
T2 Km-1(9) + D) Im1(0) [Penr mmilg)+
2K m—1(gf) + Dyl .9")]
m i Jme (,LL) QAm-—l (.U
Fiml__ b I Piivime
¥ OI\m 1(g)+D(+]1m l(g)[ ) l(gT)

2K m-1(g7) ~ Dyl (97)] - {8c)

We also can perform the expansion of the beam
radiation mode in a series of the passive waveguide
modes. Relative contribution of the passive waveguide
TEmn and TM,n. modes into the power of the beam

radiation mode are given with the expression:

H;TE.T.M
mn
W

| CTETM g2
X CRERE Y ICEM R

(9)

where the coefficients of expansion are given with the
eXPressions:

CTE Hmnpvzf
mn e —m Jm (ttmn)

[A+ tumn/m] {u? - M2}

crM__ Pmal ! (10)

" Jm—l(an) [A + tll,21,_“/29] [J.I2 - N?nn],

where

P ==pdm(p)Jm—1(Mmn) +
ﬂf]anm-—-l(#)JM(A’[m“) +
QluNm(p)Jm—1{Mmn)—
MmnNpo1 (1) dm(Mmn)] +
O’Im(Q')Jm—l(Tmn) + Tmnlm—l (G)Jm(Tmn)

r{alm{a}Nm—1(B) + Blm-a(a)Nm(8)] '

PT.M

mn

=—puJm{pt) Jm—1{Nmn) +
Nendme1 () Im(Nmn) +
QluNm{p)Im—1(Nmn)—

Nen Nenet (1) m (N s )] +
alm(o)m_1{Lmn) + Lennlm-1{e) Jsm(Lmn)
27 [efim (@) Non o1 (B) + BIm—-1(a) Nm(8))

Nean = an(B/Q)l'fz‘

Mo = pmn(BfQ) 2,
Ton = o (B1/Q)2, Linn = vmn(By /)2

Let us now analyze some important asymptotes of
the dispersion equation (7).



3.1. Solid beam limit

In this case we should let ry — 0. As r; tends to zero,
factor @ tends to zero, too, and eigenvalue equation
(7) transforms to the eigenvalue equation for tie case
of an FEL amplifier with an axisymmetric electron
beam with the stepped profile of current density, he-
lical undulator and circular waveguide [2]:

[_(]!\-m(g}-]m«—l(ﬂ-) - 1‘Jm(#)A-m“1(g)] -

1 | Kw(G) | KL(G)
2| TH(G) T Thi(G)
[9Zm (g} mw1{tt) + p6dm{p} m-1(g)] = 0. (11)

3.2, “Open” beam limit

In this case we should let the waveguide walls to be
set at infinity, B — oc (2 — c0). Using asymptotical
expansions of the Bessel functions at large values of
arguments, we find that D4y — 0 at @ — oo (we
assume here Re(g) > 0). As a result, the eigenvalue
equation {7) transforms to

wlat1 (1K nlg) = gRag1(9) Julp) —
[gNa (6} W ng1(g) — pBn(g)Nns1 ()] Z =0, (12)

where n =} m — 1| and

7 _ oTn13(2)In(B) + Bln(@)Jnt1(8)
aIn-]-l(a)Nn(nB) +ﬁln(a)Nn+l(|6)'

This is the eigenvalue equation of the radiation modes
with azimuthal index n of the FEL amplifier with the
“open” annular beam. At r; — 0 equation (12) trans-
forms to the eigenvalue equation for the case of the
FEL amplifier with an “open” axisymmetric electron
beam with the stepped profile of current density (3, 4):

Hdnp1 ()W nlg) — g.;'.Kn.H(g]Jn(;c) =0. (13)

It is seen from egs. (7), (12) and (13) that removal of
the waveguide walls leads to double degeneration of
azimuthal modes.

3.3, Single-mode approximation

Analysis of the eigenvalue equation {7) shows that at
small values of the waveguide diffraction parameter
€2 ~ 1, the dependence of the field gain on the de-
tuning has a character of maxima series. It means
that each time when the resonart condition of the
beam with the corresponding passive waveguide mode
is fulfilled, the contribution of the latter to the beam
radiation mode becomes dominating at small values
of waveguide diffraction parameter (I (see egs. (10}}.
This situation could be well described with a single-
mode approximation. Physically this is the region of

13
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small values of the beam current I. At | — 0 we
should let B — 0, 2/B = const and A/T — oo, In
zeroth approximation we find that g = ig and equa-
tion (7} takes the form I,.(G)I,.(G) = 0. As a result,
we obtain zeroth approximation for the eigenvalues:

A=RAo=—ipha/(2Q)  for TEmn mode,

A

Ao = —iyf,m/(ZQ] for TM,,n mode.

Representing the eigenvalue in the form A = Ag + A,
where A; is small, we obtain from equation (7) the
eigenvalue equation for the single-mode approxima-
tion:

v [A-Ro] ™ -4 D =i (14)

where factor V for TE,.. mode is given with the ex-
pression:

TE _ in
Y B T B R (e (3o — 77
{B [Ji(Mmn) = Ime1(Mmn)Jmsr (Mmn)] —
By [J2(Tn) = It (Trmn ) Imas (Tmn)} }

and for TMmn mode - with the expression

VM 1
B — B1lJZ,_ (omm)

{B[J7(Nmn) = Tmei (Nmn ) Imt 1 (Nema )] —
Bl [Jri:;([lmn) - Jm—](Lmn)Jm+1(Lmn)] } .

In the case of negligibly small energy spread eigen-
value equation (14) reduced to the cubic one:

[(A+i0)"+ 2] [A-&d] = v.
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