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Introduction

The radiation source ELBE is a scientific user facility able to generate
electromagnetic radiation as well as beams of secondary particles. The figure below
shows the layout of the facility. ELBE is based on a superconducting electron linac.
The linac consists of two accelerating modules and uses TESLA type nine-cell
niobium cavities, two cavities in each module. The cavities were developed at DESY
in the framework of the TESLA linear collider project and the X-ray free electron
laser (FEL) project. The ELBE linac is designed to operate with an accelerating field
gradient of 10 MV/m so that the maximum design electron beam energy at the exit of
the second module is 40 MeV. The essential difference of the ELBE linac from the
future TESLA and X-ray FEL linacs is that ELBE operates in the continuous wave
(CW) mode. ELBE delivers an electron beam with an average current of up to 1 mA.
The electron source is a DC thermionic triode delivering beam with energy of 250
keV. The gun beam quality predefines the accelerated beam quality.

One application of the electron beam is the generation of bremsstrahlung in the
MeV energy range. The bremsstrahlung is used for nuclear spectroscopy experiments.
Another application of the electron beam is the generation of quasi-monochromatic X-
rays via channeling radiation in a single crystal. Thus X-rays with an energy from 10
keV through 100 keV can be generated. The channeling radiation is used for radio-
biological and bio-medical experiments. In the future the ELBE electron beam will be
used to produce monoenergetic positrons for material research. One more future
application of the beam is the production of neutrons by bremsstrahlung via (;/,n)

reactions. The neutrons will be used for material research oriented toward
construction of future nuclear fusion reactors.

In the author’s opinion, the most exciting and elegant application of the electron
beam at ELBE is the infrared FEL. There are two FELS planned to run simultaneously
at ELBE. The first one, with an undulator period of 27 mm, is going to operate in the
wavelength range from 3 pum through 30 pm. The second one is in the design stage
only but it will be built to work at longer wavelengths from 25 pum to 150 um where
the FEL has no competition from conventional quantum lasers. While an infrared FEL
makes possible a great variety of experiments it is the device most sensitive to the
electron beam quality.

This dissertation is dedicated to the development of beam instrumentation and the
measurement of electron beam parameters at ELBE.

e In Chapter #1 we review fundamentals of FEL operation, discuss the importance
of the electron beam quality for the FEL and lay down the requirements
imposed by the FEL on the electron beam parameters.

e Chapter #2 describes measurements of the transverse emittance we did at ELBE
including an explanation of the experimental methods and the measurement



error analysis. The transverse emittance was measured with the multislit method
in the injector where the beam is space charge dominated. The transverse
emittance of the accelerated beam was measured with the quadrupole scan
method since the beam is emittance dominated.

e Measurements of the electron bunch length, which is in the picosecond range,
are described in Chapter #3. The bunch length was estimated from a frequency
domain fit of a specially constructed analytical function to the measured power
spectrum of the bunch. The power spectrum was obtained as a Fourier transform
of the measured autocorrelation function of the coherent transition radiation
(CTR). The CTR autocorrelation function was measured with the help of a
Martin-Puplett interferometer.

e A system of beam position monitors was designed, built, and commissioned in
the framework of this effort. The design of our stripline BPM, the corresponding
electronics and software is described in Chapter #4 along with the system
performance as measured with the ELBE beam.

FEL user Labs -

FEL 25 um-150 pm Neutrons

m (

e

Accelerator

FEL 3 um-30 pm

Positrons

— -
RF-generators Brems- (>
strahlung
Accelerqtor X-rays
Electronics F

Layout of the radiation source ELBE



Chapter 1

Fundamentals of FEL operation

1.1 Introduction

1.2 Electron trajectory in the undulator
1.3 Spontaneous emission

1.4 Stimulated emission

1.5 FEL gain

1.6 Electron beam quality requirements
1.7 Conclusion

1.1 Introduction

The free electron laser (FEL) is a device utilizing an electron beam to produce an
electromagnetic radiation. The name laser is originated from “Light Amplification by
Stimulated Emission of Radiation”. An FEL rightfully belongs to the laser family,
though its structure differs a lot from conventional quantum lasers. An FEL can
operate in the amplifier mode as well as in the oscillator mode. In both cases the gain
medium is an electron beam traveling in the periodic magnetic field. A device
supplying this magnetic field is called an undulator or wiggler. In the case of the
amplifier FEL an external electromagnetic (EM) radiation is intensified. In an
oscillator FEL, which is the ELBE case, an optical resonator is used to store the
radiation of the electrons, which they produce in the undulator. Thus the electron
beam radiates not only in the undulator field but due to the field stored in the
resonator as well. This is the case of stimulated emission and for this reason an FEL is
a real laser. In this chapter we will briefly consider the basic physical issues of the
FEL operation. At first we will consider trajectories of the electrons in the undulator.
Then we will discuss properties of the spontaneous undulator emission of the
electrons, i.e., radiation from the field of the undulator. As a next step we will
combine the radiation field and the undulator field to describe the stimulated
emission. Then we consider the FEL gain. By the end of this chapter we discuss the
influence of the electron beam quality on the FEL gain to show its importance and to
set requirements for FEL electron beam diagnostics, which is the main subject of this
thesis.
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1.2 Electron trajectory in the undulator

A coordinate system is used where the electrons are propagating in z direction and
the magnetic field of the undulator is vertical, as it is pictured in Fig. 1.1. Let us
assume for simplicity that the undulator is infinite in the x direction. Of course, it is
not so in practice, but since normally an undulator width in the x direction is much
bigger than the distance between the undulator poles, such approximation shows
correctly the main physical aspects, which we want to discuss now. In practice an
FEL utilizes an electron beam with energy from a few MeV up to some hundreds of
MeV. This is why we have to carry out all our considerations in the frame of the
special theory of relativity. The Hamiltonian of the relativistic electrons in the

undulator is
2 1/2
H :Kﬁ_g,&) cz+m2c4} , (1.1)
c

where P is the canonical momentum, A is the vector potential of the undulator, m is
the electron mass and c is the light velocity in vacuum. The scalar potential is set to
zero here, because we neglect the space charge effects. Since a static magnetic field
does no work on the electrons, the energy of the electrons in the undulator field is
constant. Hence we can write [1.1,1.2]

H =ymc? and 7 =0. (1.2)
where y is the relativistic Lorentz factor y =1/+/1— 8 and S is the normalized

velocity of the electron B =v/c. The Hamiltonian does not depend on the generalized

coordinates. For this reason we have the canonical equations

p=-H_o,  p--L_

§ OX y oy
These equations give two constants of motion and can be rewritten in the following
form

0. (1.3 a,b)

%(m;@ﬂx+eAX/c)=O and %(m;@ﬂereAy/c):O. (1.4 4a, b)

Figure 1.1 Coordinate system
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Before an electron enters the undulator field we have the following conditions:
B,=pB,=0 and A =A =0. Now we recall our assumption that the undulator is

infinite in the x direction. The magnetic field of the undulator has only a vertical

component B, =B, cos(k,z) on the undulator axis, here k, :i—” and A, is the

u

undulator period. The vector potential, which provides such a field is
A, =(B,/k,)sin(k,z), here B, is the amplitude of the magnetic field on the
undulator axis. The equation of motion is obtained directly from the definitions
X=cp, and y=cp, . Itisalso convenient to introduce so-called undulator parameter

B . . .
K= ” 062 . Then the equations of the transverse motion look like
,mc
: c-K . .
X=-——-sin(k,z) and y=0. (1.54a,b)
v

To obtain the equation of the longitudinal motion we set P, and P, to zero in Eq.

(1.1). This is correct because of Eqg. (1.3). We also use A, of the undulator. With the
help of the canonical equation one gets
: ck,K? .
g, =- >—sin(2k,z). (1.6)
2y
The solution of the equation of motion is easy to find in the approximation when
S, =1 and S, <<1. Then the equations describing the electron trajectory are [1.1]

X = K (cos(k,Cht)-1)+X%X,, ¥Y=VY,. (1.7 a, b)
7'ku180
K2
Z=cfB,t+ ————sin(2k cp,t 1.7c¢c
ﬂo 8]/2 ‘kuﬁoz ( u ﬂO ) ( )

where S, :\/1—(1+ K?1/2)/y?*is the average longitudinal electron velocity in the
undulator. The motion in the x direction is an oscillation with the frequency k,cg,

and the amplitude

. The electron does not move in the y direction in this
u/”o
approximation. Longitudinally the electron travels in the undulator with the average

velocity f, oscillating with the double frequency of the transverse oscillations
2k,cp,, so that in the frame moving with the average electron velocity g, the

electron trajectory is an eight-like figure [1.2].

As mentioned above the magnetic field used in the calculations is not realistic. Such
a field does not even satisfy Maxwell’s equations. One has to take the correct field to
see one more physical aspect of the electron motion in an undulator. In a real
undulator the magnetic field near the undulator poles is stronger than in the middle
plane. Because of this fact the electrons propagating in the undulator are oscillating in
the wvertical direction too. These are the so-called betatron oscillations. The

wavelength of these oscillations is 4, = /Iuﬁ% [1.1].
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Let us now make simple estimates of the beam trajectory in the ELBE undulator.
The first interesting question is the amplitude of the transverse oscillations. For the
typical ELBE parameters like an electron beam energy of 20 MeV, an undulator

period of 27 mm, and an undulator parameter K=1, the amplitude Kﬂ;}) is about 0.1
Ty Py

mm. The betatron oscillation period 1, for the same beam and undulator parameters
is about 153 cm.

1.3 Spontaneous emission

We saw in the previous section that an electron moves in the undulator with a non-

constant velocity, i.e., £ #0. Hence, as a charged particle, the electron radiates an
electromagnetic field. Here we will discuss the basic characteristics of this radiation.
Let us consider an undulator with N, periods. The overall length of the undulator is

then L=NyA,. The electron executes N, oscillations passing the undulator.
Obviously, the wave radiated by the electron consists of N, periods as well. The

length of the wave is the path difference of light and the electron in the time, which
the electron needs to pass the undulator. If the electron velocity is v= fc, then its

travel time in the undulator is t=N_ A,/ A . In this time period the light covers a
distance ct and the electron covers distance vt. The radiation wavelength is the ratio
of the packet length to the number of oscillations in it
/1:(C_V)t=1u1_ﬂ. (1.8)
Ny B
In a relativistic case, taking into account that £ ~1, one can rewrite this equation as
the following

A= /1“2 : (1.9)

2y
Deriving the formula we did one very strong simplification. We have assumed the
electron moves in the undulator linearly as if the undulator does not change its
trajectory. This is why the undulator parameter K, which is a characteristic of the
undulator strength, is not in the formula, which is obviously wrong. But what the
formula (1.9) shows correctly is the dependence on the undulator period 4, and the

electron energy. It is also very easy to see from the simple derivation that the 1/y°
dependence is just a kinematical effect coming from the velocity difference of the
electron and light. To see a dependence on the undulator strength one has to take into
account details of the electron trajectory in the undulator. Imagine we are observing
the radiation at the angle @ with respect to the undulator axis. Since the electron is
relativistic its radiation is concentrated in the cone with a very small opening angle
1/y . Thus we see the radiation of the electron emitted in each period in the undulator
but only in certain phase of the transverse oscillations, i.e. the radiation intensity is
modulated. It is easy to show that the period of the modulation is

AL
T:?(ﬂ cos(@)j. (1.10)

z
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Since the deflection of the electron is small in the undulator & is also small and we
can use cos(@)~1-6%/2. Now it is time to recall results we have obtained in
Section 1.2. One can show, using Eq. (1.5a) and going through a simple mathematics

that (1-45,) :2—}1/2(1+ KZ,s), where Ky = K/\/E for a planar undulator. Then we

get the well-known formula for the undulator radiation wavelength

A L+ K2y +720%). (1.11)
2.y
Practically speaking, K is one in order of magnitude and can be adjusted in a small
range by changing the field strength on the undulator axis. This can be done by either
changing the distance between opposite pairs of magnets in the case of a permanent
magnet undulator or by changing the current in an electromagnetic undulator coil.
This is one possibility for changing the radiation wavelength. Another way to do this
Is to change the electron energy, which can be made to vary over a relatively wide
range.

2{:

2

1.0

0.8

0.6

Amplitude, a.u.

0.4

0.2

0.0 . T T T T .
-3 -2 -1 0 1 2 3

00, COO/N U

Figure 1.2 Spectrum of the spontaneous radiation

Another important characteristic of the radiation is its spectrum. If the radiation
train, produced by an electron passing an undulator were infinitely long then a
spectrum of the radiation would have only one frequency corresponding to the
wavelength given by Eg. (1.11). In other words the spectrum would be one infinitely

. . . . N .
narrow line. Since the radiation train has a length of ut the frequency is not
C
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uniquely defined. The spectrum and the time domain profile of the radiation pulse are
related via a Fourier transform. Since an electron radiates uniformly in an undulator,
the radiation packet has a square envelope. For the spectral intensity one can write

i oc(sin(Z;zNU(a)—a)o )/ 2a, )]2 w12
2N, (0 —w, )] 2w,

Nyilc

(@) oc jexp(—i(w—wo)t)dt

C . . .
where o, = an is the frequency corresponding to the central wavelength. The line

shape function or the intensity spectral function of the spontaneous radiation is plotted
in Fig. 1.2. It is convenient to characterize the spectrum with its whole width at half
maximum (FWHM), which is
Ao 1. (1.13)
@, Ny
and, as one can see, is defined by the undulator.

Speaking about the spontaneous radiation power, we have to take into account that
in reality we always deal with an electron pulse consisting of a large number of
electrons. All the electrons radiate in random phases if there is no correlation in the
longitudinal electron beam distribution. For this reason the total intensity is the sum of
the intensities from each electron. The power of spontaneous radiation is proportional
to the number of electrons in the electron pulse that is to say to the electron beam
current.

1.4 Stimulated emission

Stimulated emission was predicted by Einstein in 1917 and was one of the
fundamental contributions to the creation of the laser. We consider an EM wave
propagating in the undulator together with an electron. Now the electron will radiate
not only in the undulator field but in the field of the EM wave as well. To make the
system into a laser, we have to find a condition when the undulating electron is
continuously giving its energy to the EM wave. In other words some portion of the
kinetic energy of the electron has to be transferred to the EM radiation. There is a
schematic of the interaction of the electron and the wave in the undulator in Fig. 1.3.
The electron and the wave are propagating in the z direction. The undulator field
forces the electron to oscillate in horizontal direction x, making v, #0. The EM wave

is plane polarized so that its electric field lies in the (x,z) plane. In the situation

pictured in Fig. 1.3 the electron interacts with the electric field of the EM wave so that
the electron loses energy. In turn the EM wave gains energy, because of energy
conservation in the system of the electron and wave. The wave always travels with the
speed of light c. And the electrons propagate in the z direction with v,, which is

always less than c. For this reason the electron slips with respect to the wave. Hence,
it will interact with the wave in its different phases.

When the electron slides in phase by 7 from the initial position it will gain energy
by taking it from the wave. There is a phase range where the electron gives energy to
the wave and there is a phase range where it takes the energy from the wave. This is
why the overall energy exchange between the sliding electron and the wave, within
the time when the electron passes the undulator is zero. Nevertheless, it is possible to
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go around this problem. We can change the longitudinal velocity of the electron v,

and, by means of this, control the slippage rate. Imagine we have chosen the electron
energy y and the undulator parameter K in such a way that electron slips exactly one
period of the external EM wave while passing one period of the undulator. This can
be expressed as

Ay =CT—V,T (1.14)
where the 4, is wavelength of the external wave and z=24,/v, is the time the
electron needs to cover one period of the undulator.

AY

B (EM wave) %

\

X

N v

Figure 1.3 Interaction of the electron and the EM wave in the undulator

This situation is illustrated in Fig. 1.4. At the starting point, Fig. 1.4a, the electron is
decelerated and its energy flows to the EM wave. One period of the undulator later,
see Fig. 1.4c, the electron is in the same phase in respect to the EM wave and to the
undulator, but one period back in the EM wave, which means it is giving its energy to
the wave again. In the middle, between point (a) and (c), Fig. 1.4b, the electron
velocity and electric field of the EM wave are flipped 180 degree with respect to their
directions in points (a) and (c). Analysis of the forces acting on the electron at point
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(b) shows that here the electron is giving its energy to the wave as well as in points (a)
and (c). Intuitive it is clear such situation is kept everywhere between point (a) and
(c). Condition (1.14) can be rewritten as follows

Ay = A, 1-5 (1.15)
Po
which looks almost the same as Eq. 1.8 and is called the FEL resonant condition.

A Y

pr LT g
F, SRR
(a) (b) (c)
< 7\'” >

Figure 1.4 The FEL resonant condition

The resonant condition shows which wavelength the external EM wave must have
to have net energy exchange with an electron of longitudinal velocity £, in an
undulator with period 4, . One can consider this process mathematically more strictly.
The energy exchange between the electron and the electromagnetic wave is described
by the equation

g L-E) (1.16)

m-c
where E is the electric field strength of the EM wave and S is the velocity of the
electron. The electric field of the wave we consider has only one component
E, =E,sin(k,z—-a,t). The electron velocity can be found from the Hamiltonian as
was discussed in Section 1.2. The difference is that the vector potential is now a sum
of the undulator vector potential and the wave vector potential, i.e. A=A, + A, .

Going through simple mathematics and requiring the phase of the right hand side of
Eq. 1.16 to be constant, one gets the FEL resonant condition [1.1-1.3]
ﬂ’u

Ay == L+ Kiys) - (1.17)
2.y
As we see, to interact in a resonant way with the electrons the EM wave has to have a
wavelength exactly the same as radiated spontaneously by the electron in the
undulator. In some sense this is a decisive factor for an FEL operation. In the case of
the FEL oscillator an optical resonator is built around the undulator to capture the
radiation. An electron beam used to “pump” the FEL is pulsed with repetition rate f,.

The optical resonator length is chosen so that the light makes a round trip in the cavity
with the period 1/nf, . Thus the radiation pulse from an electron bunch will meet the

10
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next electron bunch at the entrance of the undulator and cause it to stimulate radiation
in the undulator, i.e., it increases the energy of the radiation captured in the resonator.
Up to now we have considered stimulated radiation of one electron. As was already
mentioned above an electron bunch consists of a very big number of electrons. If the
longitudinal electron distribution in the bunch is uniform, then for each electron
pumping energy into the radiation, there will be another electron, positioned at a
distance A4, /2 from the first one, which will take from the radiation the same amount

of energy. Hence, there will no net energy exchange between such a bunch and the
EM wave. In terms of the quantum mechanics, stimulated emission is compensated
for by stimulated adsorption. Fortunately, the interaction of the electron bunch with
the external wave in the undulator leads to a modulation of the longitudinal velocity
of the electrons and this in turn leads to a modulation of the longitudinal electron
distribution. It is interesting that this happens even without a longitudinal force! We

have P, =F, =0. This one can rewrite as ymp, =constant. Thus these electrons,
which gain the energy from the EM wave, lose longitudinal velocity £, and vice
versa. Because of this the electrons tend to group with period of the radiation
wavelength A, . This process is called microbunching. The microbunching and the
way it influences the energy exchange between the electron beam and the radiation
field will be discussed more in detail in the next sections.

The process of the microbunching as well as stimulated emission and resonant
condition is an underlining principle of the FEL operation. The microbunching has
two additional consequences, which we have to mention here. Since the electrons
have the phase correlation the interference term is not zero anymore in the equation
for the radiation power, which looks like

Z E; exp(iayt; )
Ne

where the sum is taken over the all electrons in the bunch and N, is the number of

2

o N,? (1.18)

| o

electrons. Now the radiation power is proportional to N_*. As a reminder, in the case
of spontaneous emission the power is proportional to N, . For example, the maximum

design bunch charge for the ELBE FEL is 77 pC. Such a bunch consists of 4.8x10°
electrons and the ratio of the laser power and spontaneous undulator radiation power
is about of 10°! The next point to notice is that the microbunching also changes the
radiation spectrum. The line width of the stimulated emission is 1/N, where N, is

the ratio of the electron bunch length to the radiation wavelength, i.e., a number of the
longitudinal beamlets in one bunch.

1.5 FEL gain

In the previous section we have discussed qualitatively the energy exchange
between an electromagnetic wave and an electron propagating together in an
undulator. The efficiency of this process is directly related to an important
characteristic of an FEL called single pass gain. In this section we will outline a way
to calculate the gain in the small-signal gain approximation. The definition of the
single pass gain is intuitively comprehensible

11
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If _Ii
G=-t—t, (1.19)

where |, and I, are respectively the radiation field intensity before and after an

electron bunch passes the undulator. In the approximation the intensity change, is
much smaller than the initial intensity of the field and, what is very important, the
radiation field is far away from saturation. The field of the radiation, which is used to
calculate the electron trajectory, is assumed to be constant. There is energy
conservation in the system of the electron beam and the radiation field. This is why
the radiation energy change is calculated as an energy change of the electron beam.
Let us have a look at the electron motion again, but in a little different way. The
electron is moving in a periodic potential which is the result of the undulator field and
the radiation field, as was mentioned in the previous section. The potential is called
ponderomotive. It is possible to describe the motion of the electron in a specific phase
space. One coordinate in this phase space is a phase of the electron in respect to the
ponderomotive wave and is defined like
0=(k,+k)-z-k-c-t, (1.20)

where k, and k are the wave numbers of the undulator field and the radiation field

respectively and z is the longitudinal electron coordinate in the laboratory frame. The
energy of the electrons that satisfies the FEL resonant condition (1.17) is called the
resonant energy and is written as follows

/k-(l+ KZus)
= [———— %7 1.21
7r 2'ku ( )

Using the resonant energy one can define a dimensionless variable called detuning

n=r"Tr (1.22)

7R
which is a measure of the electron energy. The detuning is the second coordinate in
the phase space we will use to describe the electron motion. The following is assumed
in the small-signal gain approximation: the electron beam quality is so good that we
can neglect transverse electron motion before it enters the undulator, i.e.,
Po =P,, =0, the electrons are relativistic so that y >>1 and g, =1, but g, <<1

and B, <<1. In all equations we will keep terms to order 1/y*, and the radiation

field is smaller than the undulator field. We also will neglect the initial energy spread
of the electrons. Starting from the Hamiltonian (1.1) and using the canonical equation
together with equation (1.16), one can show that under the conditions mentioned
above the electron motion in a planar undulator is described by the following
differential equations

n=—£0°sin(0) and 6 =2ck,7n (1.23 a, b)
eExF,(K)

mcyy

responsible for harmonics generation, which is about unity for the fundamental
frequency [1.1,1.3]. The Egs. (1.23) can be obtained from a simplified Hamiltonian,
written like

where 2% = , Eg is the radiation electric field and the F,(K') is a factor

H(7,0)=c-k,-n*—2%-cos(8). (1.24)

12
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It is easy to see that the equations (1.23) are just the canonical equations 8 = aa—H and
n

n= —% for the Hamiltonian (1.24). The phase space (&,7) is plotted in Fig. 1.5.

1.0

4 \ N4/
NN

-

1
N
1
[REN

> O
[EEN
N

Figure 1.5 Phase space(#,7) with H=constant surfaces

Electrons move along surfaces, which correspond to a constant value of the
Hamiltonian, since the Hamiltonian is a constant of motion. There are two different
types of electron trajectories. The first one is closed so that the electron is oscillating
always in one bucket of the ponderomotive wave, and the second type is open,
electrons on such an H-surface travel from one bucket to another. If an electron moves
up in the (@,7) phase space then its energy is growing and radiation field is losing
energy. In the opposite of this situation, if an electron moves down in the (6,7)
phase space it is giving its energy to the radiation field. Note that the phase space is
symmetric in respect to 7 inversion. Assume all electrons injected into the undulator
have the same energy, i.e., the same value of detuning. Hence, they are located along
a line n=constant in the beginning of their evolution in the phase space. As long as
the electron bunch has uniform longitudinal distribution, the electrons are distributed
uniformly in phase & as well. Imagine that the electrons injected into the undulator
have resonant energy y.. Because of phase space symmetry and the initial uniform
distributions of the electrons, the electron distribution will keep its symmetry in
respect to =0, see Fig. 1.6b. That means average energy exchange between the

electron beam of energy y, and the radiation is zero. Obviously, in this case the FEL

13
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gain is also zero. It can be seen in the Fig. 1.6b that the electrons of the beam will
group around phase +2zn, where n in integer. This is the microbunching which was
already mentioned in the previous section. To make the gain positive an initial energy
has to be chosen so that the microbunching occurs around a phase where the electrons
are giving energy to the radiation field. To do so we have to take an electron beam
with energy more than the resonant one, i.e., with positive value of 7. Such a situation
is pictured in Fig. 1.6c. Then the electrons moving down in the (&,77) space change

their energy more than the electrons moving up. And as one can see the micro
bunching occurs in the phase range +22n <6 <z +2zn. Again, because of the phase
space symmetry, the situation will be opposite for negative values of the detuning Fig.
1.6a. The microbunching will take place in the phase range —7z+2an <6 <+2zn
where the electrons are gaining energy by taking it from the radiation. Hence for an
electron beam with negative detuning the FEL gain has to be negative. From this
consideration we can conclude now that the gain is an antisymmetric function of the
detuning. To calculate the gain mathematically rigorously one has to solve Eq. (1.23)
so information about energy and the phase in respect to the ponderomotive potential
will be obtained for electrons as a function of time and their initial energy and phase.
Doing this we should remember that we are interested in an average energy change of
the electron beam, i.e., <An>. Applying perturbation theory to Eq. (1.23) one can

show that

d o (sin(x/2)Y
<A77>ocf(x)_d(X/2)[ (x/2) j (1.25)

where Xx=42N,(7 -y )/ s [1.1-1.3]. The function (1.25) is plotted in Fig. 1.7. The
function is an antisymmetric function of the energy as was discussed just before. The
radiation intensity change can be calculated as following Al =-mc?y, <An>N,

[1.1-1.3]. Substituting this into the gain definition formula (1.19) we will find an

expression for the single pass gain in the form [1.1-1.3]
K? I, NS

G :4\/572'2/13/2 1/2 RMS —P TV f(x 1.26

ek, s Y (29

where 1 is a beam peak current, I, =ec/r, is so-called Alfen current, which is

about of 17 kA for an electron beam, and S is the transverse cross section of the

radiation field, r, is the classical radius of the electron. The gain calculated using this

formula has to be less than unity, otherwise the above assumptions are violated. To
estimate an order of magnitude of the gain we assume that the cross section of the
radiation field in the undulator is diffraction limited. In this case r, -« ~ A where r, is

the characteristic transverse size of the field and « is its angular divergence. If we
want to have the field in the undulator within certain radius r, then divergence should

be a=r,/ Ny A, . Using this we substitute in (1.26) the cross section of the radiation
field with zA4,N,. We also always chose all parameters so that we are in the

maximum of the f(x), which is described in Eq. (1.25). The function equals 0.54 in
its maximum. Under this conditions the gain formula is rewritten like [1.1-1.3]

A K2 I
G~ay2r |2 ——RM P NZO5Y (1.27)
ﬂ'U (1+ |<F§MS)3/2 IA ?
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Figure 1.6 Microbunching at different initial detunings

(c) initial detuning 1,5; gain positive
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0.6

A

0.0

Gain, a.u.

Figure 1.7 The shape of the FEL gain function

One should note here that the gain goes down for a smaller wavelength. Another
important fact is that the gain is proportional to the beam peak current. In practice the
gain is about several tenths of percent per one ampere of the peak current. Obviously,
an FEL oscillator works if the gain of the field is larger that the field losses in the
optical resonator. To make the FEL work the gain has to be at least several percent;
that means a peak current of several tens of amperes is required. Another very
interesting and fundamental fact is that the gain is proportional to the first derivative
of the spectral intensity of spontaneous radiation. This statement is Madey’s first
theorem. Another fundamental FEL property is that the gain leads to energy spread of
the electron beam. This is Madey’s second, so-called gain-spread, theorem [1.4]. Due
to the effect of the electron beam quality the FEL gain in practice is smaller as the one
described by the Eq. (1.27). In the next section we discuss the gain reduction and the
electron beam parameters which are critical for an FEL operation.

1.6 Electron beam quality requirements

Considering the FEL operation in all previous sections we have assumed that the
electron beam used to drive the FEL is ideal. We have assumed that all electrons of
the beam have the same energy and enter the undulator exactly on its axis. That means
the electron beam has zero diameter. We also did not take into account that the
electrons’ trajectories have angular spread. Here we will consider an influence of the
real beam quality on the FEL operation, and discuss the beam quality requirements
which the FEL impose to the electron beam.
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If an electron propagating in the undulator has an energy a bit different from the
resonant one it tends to radiate at different wavelength. Since the magnetic field in the
undulator is not homogeneous an electron traveling off axis in the undulator
experiences slightly different magnetic field. In other words it sees another undulator
parameter K. Obviously, variation of the entrance angle of the electron in the
undulator leads to a wavelength variation, since this influences the electron trajectory.
As was mentioned above the line width of the spontaneous radiation is inversely
proportional to the number of undulator periods 441/ A =1/N,. If a change in the

electron parameters is so big that the electron radiates at wavelength out of the
spontaneous radiation bandwidth then this radiation is not amplified in the process of
stimulated emission. Such electrons do not participate in the gain process. Increasing
the number of such electrons decreases the FEL gain. If the number is big enough the
gain is less than the losses and the FEL does not work. The main criteria in the
consideration of the influence of beam quality to FEL gain is that the electron
parameters change may modify the radiation wavelength for less than the natural
bandwidth of the spontaneous radiation. Using Eq. (1.11) we can link the wavelength
variation to the beam parameters variations like

A_/’t: 2Ay . 2K aus - AKgus . 72 -20-A6

A v 1+ Kous 1+ Kous
where 46 now is the characteristic electron beam angular divergence. We require
every term of the right hand side of the Eq. (1.28) to be less than 1/2N,, . The first
term is related to the energy spread of the electron beam. Considering the ELBE
undulator with 64 periods we estimate required energy spread Ay / y to be less then

0.4 %. The second term in the Eq. (1.28) is related to both the undulator quality and
the beam diameter as was discussed before. We suppose that effects of the undulator
imperfection itself is much smaller that the effect of the finite beam radius. One can
show that in the case when the beam diameter r, is much less than the undulator

period A, the condition 2K ews - AR aus < L can be rewritten as following [1.1]

(1+KI§MS) 2N,

1+ K2
ry < |—s (1.29)
NUkU KRMS

The term in Eq. (1.28) imposing the limit to the beam angular divergence can be
written as 40 < J1/(A,N, ). The angular divergence and the beam transverse size
are not independent from each other. A concept of transverse beam emittance will be
described in the next chapter. There we will see that there is one more motion
invariant called emittance. A very simple definition of the transverse emittance is the
product of the beam divergence and the beam radius in the beam waist, i.e., € =146

Now we can combine the requirements for the beam divergence and the Eq. (1.29)

together in the following form
1+ Kz A | (130)
Nuk§ Kaws VAN,

An electron beam in the undulator executes betatron oscillations as was mentioned in
Section 1.2. The best condition for the electron beam transport in the undulator is

(1.28)
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when 2, = 4,N, [1.1]. Using this fact we rewrite the Eq. (1.30) in a very convenient

form for the FEL requirements to an electron beam emittance
<. (1.31)
2r
This requirement is very strict. To produce a radiation at desirable wavelength one
must provide an electron beam with geometrical emittance less then A/2z. It is

convenient to use a normalized emittance to describe the electron beam quality. The
normalized emittance is an invariant of the motion even when the electrons are
changing their energy. The normalized emittance is related to the geometrical one like
g, =yp-€. As an example, if the ELBE FEL is supposed to operate at wavelength of

5 um with electron beam energy of 30 MeV then the normalized emittance of the
beam must be smaller than 55 mmxmrad.

As was mentioned in the previous section the beam peak current is very important
for an FEL operation. This is why the electron bunch length measurement is a very
important item for the beam diagnostics at an FEL. One more reason for that is the
slippage of the electron beam with respect to the optical pulse in the undulator during
their interaction. Electrons and the light have different velocity. This reduces their
longitudinal overlap in the undulator, consequently the FEL gain is also reduced.

Calculating the FEL gain we have supposed that there is a transverse overlap of the
electron beam and the optical field. Of course such condition is not accomplished
automatically in an FEL. This is why one has to pay special attention to the electron
beam position diagnostics in the undulator. The position of the optical field is defined
by position and configuration of the optical resonator and can be adjusted by the
resonator mirrors. Diagnostics used to ensure the transverse overlap of the electron
beam and the optical field are very important for operation of any FEL oscillator.

The influence of such electron beam parameters like transverse emittance, energy
spread and bunch length is calculated rigorously in the work of Dattoli et al. [1.5]. In
the work the influence is described in terms of dimensionless factors, which reduce
the FEL gain. Here we only outline some results of the work. The gain is reduced

because of the energy spread by a factor f. = L where o is the

T (1+1.7(4Ny -op )
relative energy spread. To estimate the order of magnitude of the factor we suppose
the energy spread to be 0.4 % if the undulator has 64 periods then the f. is about

0.34. Finite transverse emittance reduces the gain by a factor f, :L !

1+ p? .l+,u§

For a normalized

Ny &, KRMZS and u, =27 Ny &, KRMZS .
ﬂ’U 1+ KRMS AU 1+ KRMS
emittance of 10 mmxmrad and the undulator parameter K=0.8 the reduction factor is
0.99 i.e. almost negligible. The gain reduction related to bunch length o, is expressed

by a factor f, = ! that is about 0.85 for 2 ps bunch length and 5 um

(1+(NyA/30,))
radiation wavelength.
Let us estimate the small signal gain for the ELBE FEL. The design parameters of
the ELBE FEL are the following. The undulator has a period of 27 mm and the
number of periods is 64. An electron beam with an energy from 12 MeV up to 40

where u, =+/27
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MeV will be available. The undulator parameter K, can be changed from 0.3 up to

0.8. For the estimate we use the maximum bunch charge, which is 77 pC. One has to
know the bunch length to calculate the peak current. The bunch length at ELBE is in
the picosecond range. Assume the bunch length to be 2 ps. The gain calculated for the
ELBE parameters is plotted in the Fig. 1.8. There are two sorts of curves one
corresponds to a constant electron beam energy and variation of the undulator
parameter from 0.3 up to 0.8. Another sort of the curves corresponds to a constant
undulator parameter with electron beam energy variation from 12 MeV to 40 MeV.
The calculated gain is only a simple estimation. Rudi Winsch did more detailed gain
calculations for the ELBE FEL [1.6].

0.50 1 Kis™08
0.45-
0.40-
0.35-
0.30-
0.25-

single pass small gain
40 MeV

E=

0.20 1
0.15 +
0.10 +

0.05 1

0 5 10 15 20 25 30 35 40 45
A, um

Figure 1.8 The ELBE FEL small-signal single pass gain

1.7 Conclusion

In this chapter we have considered such fundamental processes of FEL operation as
stimulated emission and microbunching. The gain of the ELBE FEL was estimated in
the small signal gain approximation. The importance of the electron beam quality for
an FEL operation was discussed. At the end of the chapter we have laid down the
requirements imposed by an FEL on the electron beam parameters.
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Transverse emittance

2.1 Introduction

2.2 Phase space and emittance

2.3 Beam transport in linear approximation

2.4 Quadrupole scan emittance measurements

2.5 Beam envelope analysis

2.6 Multislit emittance measurements in the ELBE injector
2.7 Conclusion

2.1 Introduction

The quantity transverse emittance was already mentioned in the previous chapter.
Here we will discuss in detail the concept of transverse emittance and its importance.
We will start from a short overview of linear beam dynamics, when space charge
effects are negligible. Then we will take into account the influence of space charge on
the beam dynamics. In general, the beam transport is influenced by external fields
applied to focus and steer the beam, and by the electromagnetic field of the beam
itself. There are two limiting cases. In the first one the field of the beam is negligible
and the beam transport is emittance dominated. In the situation when the bunch field
is significant the beam is called space charge dominated. One must take this into
account in choosing a method to measure emittance. We will describe two methods
used to measure the transverse emittance at ELBE. The multi-slit method was used to
measure the transverse emittance in the ELBE injector and the quadrupole scan
method to measure the emittance of the accelerated beam downstream of the
accelerating module. The measurement setups are described. Results of the
measurement as well as the measurement errors are presented and discussed.

2.2 Phase space and emittance

To completely define the position of a particle in space and its evolution one has to
define six variables namely three coordinates x(t), y(t), z(t) and three components

of the particle momentum p,(t), p,(t) and p,(t). In other words, the motion of a

particle is described in a six-dimensional space, which is conventionally called phase
space. Any beam is composed of a very large number of particles, and we are
interested in the collective behavior of the particles but not in a single particle
evolution. In the six-dimensional phase space a distribution function
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f(x,y,z,p,,P,,P,) is introduced to describe the local density of the beam particles.

The number of particles in an elementary volume of the phase space is
dN = f(x,y,z,p,,p,,p, )dxdydzdp,dp dp, . The distribution function is normalized in

a way that the integral over the entire phase space gives the number of particles in the
beam:

N, =[[[[[[f(xy.2.p,.p,.p, )ixdydzdp,dp,dp, . (2.1)

Emittance in general is defined as a volume of the phase space occupied by the beam,
which can be written like

&) = j j | j [ j dxdydzdp,dp, dp, . (2.2)

beam

The quantity &g is also called six-dimensional hyper-emittance.
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Figure 2.1 Phase space ellipse and its relation to the Twiss parameters

A significant simplification is possible when motion is independent in different
degrees of freedom. In this case the distribution function is a product of two-
dimensional  distribution  functions, which is written as following
f(x,y,2,p,, 0,0, )= £,(x,p, ) f,(y,p, )f,(z,p,). In such a case one can reduce the

consideration to three independent two-dimensional phase spaces as follows (x,p, ),
(y,p,) and (z,p,). Obviously a particle beam is associated with a preferable

direction of propagation. Like the previous chapter we set z as the beam propagation
direction. Thus (x,p,) and (y,p,) are two independent transverse phase spaces. The

6-D phase space can be projected onto the (Xx,p,) plane. In this chapter we will
consider only the (x,p, ) plane, the same formalism is valid for the (y,p,) phase
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space. Variables x and p, were chosen since they are canonically conjugated as is

required by the Hamiltonian formalism. Nevertheless it is more practical to use a
normalized transverse momentum x’= p,/p, instead of the momentum component

p,. The x' is also the divergence or an angle of the particle with respect to the

reference particle trajectory. Emittance is a simultaneous measure of the beam size
and divergence as we have mentioned in Chapter 1. In the (x,x") plane a point again

represents every particle of the beam. As analogous to Eq. (2.2) a two-dimensional
transverse emittance is defined as an area occupied by the beam in the (x,x") plane.

This is a general definition of transverse emittance. There are several possibilities for
defining emittance more practically. One convenient way is to choose an ellipse in the
phase space so that it contains a certain fraction of the particles, for instance 90%, and
has minimal possible area. In this case emittance is defined as the ellipse area divided
by 7, see Fig. 2.1 for illustration. There are several good reasons to use an ellipse in
describing the transverse phase space. One of them is that an ellipse is transformed
into an ellipse under canonical transformations. The canonical transformation is used
in linear beam transport formalism, as we will see later. Another reason to use the
ellipse to describe the entire beam is that the trajectory of a single particle on the
phase plane is very often ellipse as well. Any ellipse can be described by a bilinear
form

v X420, XX+ fr X =g, (2.3)
The parameters «,, f; and y, are called Twiss parameters or Courant-Snyder

parameters. There are only three independent parameters in Eq. (2.3) since there is a
correlation between the Twiss parameters:

Pr-yr—af =1, (2.4)
which is just the geometrical property of an ellipse. The area of the ellipse is equal
A= [[xdx' =7z, (2.5)

ellipse

where ¢ is the transverse beam emittance. The emittance definition using the phase
space ellipse is very simple and it is also very useful for the first order beam transport.
However such a definition suffers obviously from arbitrariness of the phase space
contour, since a real particle distribution in general is not elliptical and can be rather
complicated.

Statistical approach is another way to define the transverse emittance. To
characterize the beam size very often the root-mean-square (RMS) beam size is used.
The RMS beam size is the square root of the second order momentum of the
distribution function f(x,x")

o2 =<x2>:Nijx2f(x,x')dx. (2.6)

An RMS beam divergence is introduced in a similar way and can be written as
follows:

1

2 12 12 i '

oy =(X)=—|x"“"f(x,x")dx". 2.7
v =(x?) N [x2f(xx) (27)
The transverse emittance is a measure of the particle spread in the phase space and is
analogous to the RMS beam size but only in two-dimensional space. Thus one can

introduce an RMS emittance. As far as the transverse emittance is a measure of both
the beam size and the beam angular divergence the RMS emittance should be a
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composition of second order moments of the distribution function f(x,x"). Since the
position of the beam in the phase plane does not change the phase volume or
emittance, we are free to choose the coordinate system so that (x) and (x') equal
zero. As the next action we can rotate the coordinate system in the phase space, which
also does not change particle distributions and emittance. By this rotation we can find
a coordinate system in with o and o reach their minimums. In this new

coordinate system the transverse emittance is just a product of RMS beam size and
RMS divergence. Then going though simple mathematics one can show that in our
original or laboratory coordinate system the root-mean-square emittance is [2.1]:

’ ’ 2
€ ruts :\/<x2><x 2>—<x~x> : (2.8)
Such an emittance definition has no link to any contour in the transverse phase space.

Since different definitions do not change the nature of the thing it is possible to
express the Twiss parameters in terms of the second order momentum

X2 X‘X! XrZ
,BT:<—>,aT=—< >,yT:< > (294, b, c)
& & &
Using RMS beam size and the RMS beam divergence, defined in Egs. (2.6) and

: : : . x- X :
(2.7) and introducing a correlation coefficient as r =<—>, emittance can be

()x)
also expressed like in the following form:
Ers = Ty Oy N1—T7 . (2.10)

In different sources one can meet different definition of emittance, here we want to
mention only one of them, which is defined like

Sy = benys =400 NL-T? (2.11)
and called effective emittance. The emittance defined above in different ways is
always called geometrical or un-normalized emittance. If an electron beam is
accelerated the longitudinal component of the momentum becomes bigger and
transverse components remain the same. This is why beam divergence gets smaller.
That means the geometrical emittance becomes smaller as well. To have a value
independent of the beam energy a normalized emittance is introduced. The
normalized emittance equals

glgMS = ﬁ'}/'SRMS ) (212)

where yis the relativistic Lorentz factor and £ is the normalized particle velocity i.e.
p=vic, here c is the speed of light in vacuum.

A fundamental and important property of the beam dynamics in phase space is
stated by Liouville’s theorem [2.2]. The statement is that in a Hamiltonian system the
area of phase space occupied by a set of beam particles, and the particles density in
the phase space in vicinity of any particle are constants of motion. In other words the
particles in the phase space behave like an uncompressible fluid. This can be
expressed in the following way

d F N j—
af(r,p)_o, (2.13)

here f(r,p)is the distribution function introduced in the beginning of this chapter.

The direct consequence of Liouville’s theorem applied to the transverse phase space is
emittance conservation in any Hamiltonian system, i.e., in a system without
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dissipation. We also want to note here that there are several processes whose presence
makes a particle beam a non-Hamiltonian system, leading to an increase of emittance
in an accelerator. Most important of them are: interaction of the beam particles with
the Coulomb field of the bunch, radiation by the beam particles, interaction of the
beam with its radiation, interaction with high order mode fields in the accelerator
structure, and interaction with wake fields.

2.3 Beam transport in linear approximation

To transport an electron beam from the electron source to the accelerator and later to
the place where it is used for experiments an external electrical and magnetic field can
be applied. To describe the motion of the beam particle one could solve the equation
of motion, for instance numerically, for every particle. Since a beam of interest
consists of a huge number of particles such an approach to the beam transport
calculations is impractical and would take too much of computation time. To
overcome this problem an alternative formalism was developed by Twiss and Frank
[2.3]. This approach is called Matrix Formalism and is based on both the Liouville’s
theorem and on linear particle dynamics. In general, a particle is represented by the
six-component vector X:

x

< X

(2.14)

—_—<<

)

where instead of canonical variables z and p, new variables | and o are used. Here |
is the particle distance in the direction of beam propagation from the reference particle
and ¢ is the particle momentum deviation 6 = 4p/p,, p, is the reference or design
momentum. On its way through the accelerator the particle passes focusing elements
like solenoids and quadrupoles, bending magnets and, if necessary, high-order
elements like sextupoles and octupoles. Certainly the magnetic elements are separated
by drift spaces. Every element of a beamline is represented by a 6x6 matrix, which is
usually referred as R matrix. Suppose a particle upstream of some beamline element is
represented by X, then a new vector X, represents the same particle past the

element, the new vector representing the particle equals

X, =R-X,. (2.15)
Consider now a sequence of n elements. Each of these elements has its matrix R.. A
single matrix R, then describes the entire sequence. The R, is a product of all
matrixes of the sequence:

R =R,...R;-R, R, (2.16)
Here R, is the matrix of the first element passed by the particle and R, represents last

elements of the sequence. Thus, the position of the particle in the phase space can be
found for any place along the accelerator if the initial position of the particle and the R
matrix is known. In fact an equation such as 2.15 is nothing but a matrix form of a
linear differential equations system. The theory of differential equations [2.4]

24



Transverse emittance

provides us with some important statements. One of them is that there is only one
solution for a set of initial conditions; in our case the initial condition is a position of
the particle in the phase space X,. That means two traces of two particles started
from different positions will never cross each other. Now we return to the case of
uncoupled motion in independent degrees of freedom. We consider the two-
dimensional transverse phase space (x,x"). The vector describing the particle is two-

dimensional as well:
X
X =( ’j' (2.17)
X

and the transport matrix R is a square 2x2 matrix. It is easy to see that the ellipse Eq.
(2.3) can be written in a matrix form as follows

XToX =1, (2.18)
where the beam matrix or the o matrix is defined as:
O_:(O-n GlzJ:({ Br _aTJ' (2.19)
Oy Oyp —Qr 77

The beam matrix contains all information about the phase space ellipse. Eq. (2.18) as
well as the phase space ellipse is defined for any point along the beamline. One just
has to take vector X and beam matrix o corresponding to the point on the beam line.

Thus in the beginning of the beam line the matrix form is X] ;" X, =1. Expressing
X, in the last equation in terms of X, and making some basic matrix transformations

one ends with

X (Rc°R" )X, =1. (2.20)
Since Eq. (2.20) has to have the form of Eq. (2.18) we can conclude that the beam
matrix o is transformed from one point of the beam line to another one with the help
of the same transport matrix R as well as for a single particle

oc'=Ro’R". (2.21)
Certainly this result is valid not only for the two-dimensional phase space but for the
general six-dimensional phase space, too. Equation (2.21) is of great importance for
the emittance measurements. As one can easily see from the o matrix Eq. (2.19), the
emittance can be expressed in terms of the matrix elements as follows

e=4/det(o). (2.22)

That means if we can determine the elements of the o matrix at some point of the
beamline we will know the beam emittance.

To ensure that there is no significant emittance increase in the ELBE accelerator and
for better understanding of the machine, several emittance measurements have been
done. First, the transverse emittance is measured in the injector, where the beam is
space charge dominated. This is why the multi-slit method was used as described in
Section 2.6. Downstream in the accelerator, because the electrons are relativistic, the
influence of the space charge force is strongly suppressed. The beam is emittance
dominated and the quadrupole scan method is used to measure emittance as explained
in Section 2.4. In the rest of this chapter we will describe experimental methods and
present results of the measurements and analysis of measurements errors.
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2.4 Quadrupole scan emittance measurements

There are several methods of emittance measurements based on the linear beam
transport formalism. Here we will describe only one of them which is used at ELBE.
This is the quadrupole scan method.

Let us consider a section of a beam line consisting sequentially of a quadrupole lens,
a drift space and a view screen which is used for beam transverse profile
measurements. From the o matrix definition and the Eqg. (2.9a) we have

o’ =(X*)=&B; =0,,, which means that the RMS beam size measurements are

measurements of the beam matrix element o, . Let o° be the beam matrix in front of
the quadrupole and o' is the beam matrix at the position of the view screen. From
Eq. (2.21) we have

J111 = Rlzlo-fl +2Ry, Rllafz + Rlzzo-(z)z , (2.23)
where R,;, R,,, R,, are the elements of the transport matrix, which is a product of
the matrix of the quadrupole and the drift space matrix. The elements o7, o, and

oy, are constants and our goal is to determine them. In the experiment the beam
profile is measured with the help of the view screen at different quadrupole settings,
more exactly as a function of the quadrupole current I. Measured RMS beam size is a
function of the quadrupole current r._ % = o2, (1,), i is the measurements index. The
transport matrix is a function of the current as well. Thus the left hand side of Eq.

(2.23) is the measured data and the right hand side is a known function with three
unknown constants. Using a nonlinear least square fit (NLSF) procedure we fit the

function to the measured data. The least square fit approximation finds a set of &,
o?, and &, which minimizes the chi-square value

(rrms2i - ffit( Ii ))2
Zz:z or ’

(2.24)

here o, is an accuracy of the i-th measurement of the RMS beam size. The transverse

geometric emittance is calculated following Eq. (2.22) as ¢ = Jo—flagz —(o)?.
The transport matrix of a drift space is
1 D
Rarit =(O ]J, (2.25)

where D is the drift space length. The transport matrix of a quadrupole has the
following form

. _( cos(KLy ) sin(kLy )/ kJ’ (2.26)

| —ksin(kL, )  cos(kLy )
where L is the effective magnetic length and k is a measure of the quadrupole
strength. This is described in more detail below. We multiply R, and R, to find

the transport matrix from entrance of the quadrupole to the place of the view screen,
which is written as
cos(kL,; )—Dksin(kLy ) sin(kLy )/ k +Dcos(kLy )

R=R,.R .=
drift "“quad [ —ksin(kL ) cos(KL; )
Using this transport matrix and Eq. (2.23) we find the fit function

J. (2.27)
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fru(1)=on(cos(e(1))-k(1)Dsin(¢(1)))’

agz[%+ Dcos(¢( 1 ))J (2.28)
" 20&[W+ Dcos(o(| »](cos( o(1))—k(1)Dsin(o(1)))

where ¢(1)=Kk(1 )L, . To illustrate the method and to know what beam RMS size

we should expect during quadrupole scan measurements we have calculated the RMS
beam size on the view screen for different quadrupole settings and for different beam
emittances. For the calculations realistic Courant-Snyder parameters o, f; and, y;
which PARMELA simulations predicted were used. The results of the calculations are
shown in Fig. 2.2, where the beam size is plotted as a function of the quadrupole
current.

2’0__ & = 2 mmxmrad
1,8 €= 4 mmxmrad
1 € =6 mmxmrad
1,6 n
= ] g = 8 mmxmrad
E, 1,4 - g = 10 mmxmrad
X ]
2 1,2—_
(18]
S 10-
g 4
< 0,8—_
0,6 -
0,4 -
0,2 -
0,0 T T T T T T T T
0 1 2 3 4 5

Quadrupole current, A

Figure 2.2 Simulations of the quadrupole scan emittance measurements

Note that in this simulation the same initial Courant-Snyder parameters are used for
all curves representing beams with different emittance. This condition is not
necessarily accomplished in reality. For the measurements’ data evaluation one needs
some more details about the real parameters of the experimental setup. The

B 1

Q
the surface of the magnet pole, R, is the quadrupole aperture radius, Bp is the

guadrupole strength in Eq. (2.25) is k = , B, is the magnetic induction on
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magnetic momentum of the quadrupole. There is a practical formula for the Bp
value:

Bp =33.3564-PR,, (2.29)
where Py is the momentum of the particle measured in GeV/c and Bp is then

measured in kGm [2.5]. The quadrupole used for the emittance measurements has the
following parameters L =100mm, R, =21mm and B, = 2.1kG at 18.5 A current in

the quadrupole coils. Emittance was measured directly after the accelerating module.
The distance between the quadrupole and the view screen measuring the beam profile
was D =0.475m. The measurements were done at 12 MeV electron beam energy.

Several beam emittance measurements were performed using the quadrupole scan
method. The question that was studied in most detail is the emittance dependence on
the bunch charge. In Fig. 2.3 there are several results of quadrupole scan
measurements made at different bunch charge. The measured RMS beam size is
plotted in dependence with the quadrupole current.

1,6 I
1 —0—1pC
14 —0—3pC Hi
| 10 pC
S 12 —@—25pC|]
> ] 77 pC
$ 1,0 !
E ] .
E 0,8
aNS .
206 .
e I [
11 M
g 0,4 .\i W /o
x T x o é/.
0,2 ¢ S — |
0,0
0 1 2 3 4

Quadrupole current, A

Figure 2.3 Real quadrupole scan emittance measurements

As one can easily see, the picture is somewhat similar to Fig. 2.2. Using the nonlinear
least square fit method the experimental data were evaluated as described above. On
Fig. 2.4 two examples are shown of the measurements done at 77 pC and 1 pC bunch
charge with corresponding NLSF fits. There is a summary of the data evaluation for
that plot in Table 2.1. As soon as the beam matrix elements are estimated and the
transverse emittance is calculated using Eq. (2.19) one can find the Twiss parameters
of the phase space ellipse. There are ellipses shown in Fig. 2.5 corresponding to the
measurements presented in Fig. 2.4. It is very evident graphically that the area of the
blue ellipse is about four times larger than area of the red one representing a
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difference in emittance for 1 pC and 77 pC. Of course the Twiss parameters contain
information about the ellipse orientation in the phase space as well.

1,5
® measurements 77 pC
—— NLSF fit for 77 pC
O measurements 1pC
ffffffff NLSF fit for 1 pC
1,0
hS
S
£ 05
o
] £
0,0 + ~o—{T L. - H %

Quadrupole current, A

Figure 2.4 Experimental data and corresponding NLSF functions

An important and interesting question is the emittance measurement error arising in
the quadrupole scan method. The error of the measurements shown in Fig. 2.4 is
presented in Table 2.1 as well. Emittance is not measured directly as if we would
measure length of something with the help of a straightedge. Emittance is calculated
from three parameters, which in turn are results of a calculation as well. What we do
measure practically is the beam profile, length of the drift space, parameters of the
quadrupole and the electron beam energy. The quadrupole parameters, length of the
drift space and the beam energy are known very precisely and we neglect the
measurement errors given from them. Thus our main intention, analyzing the
quadrupole scan inaccuracy, is to link the beam profile measurement error, more
exactly the RMS beam size inaccuracy, to the final emittance inaccuracy.

77 pC 1pC
ERMs 7.8 + 2.9 mmxmrad 2.1 +0.25 mmxmrad
o, 37 % 12 %
Sr 3.1+0.18m 1.2+0.03m
oT -1.6 £0.08 -1.1+£0.03
22 0.1 0.04

Table 2.1 Summary of the NLSF presented in Fig. 2.4
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Figure 2.5 Phase space ellipses corresponding to the measurements at 77 pC and 1
pC

Form the error theory we know if a dependent variable y is a function of several
independent variables y = f(x,,x,...xy ) and each of the independent variables x; is

N
known with certain inaccuracy &;, then the inaccuracy of the y is oy :Z;(;iéxj :
=197
Thus from Eq. (2.22) we have
Se = Zi 0,00, + 0,00, + 20,60, ], (2.30)
&

where oo,, do,, oo, denote respectively do,,, do,,, oo, and in our case are

given by nonlinear least square fit as well as o,,, o, and o,,. The errors of the least
square fit are

1 2 2
50,‘ =\/D—O|:Zi:(rrms i— fa(17)) ij ' (2.31)

here C; are the diagonal elements of the variance-covariance matrix, DOF stands for

the number of Degrees Of Freedom, which is the difference of measured points
number and number of the fit function parameters. The variance-covariance matrix is
affit(xi )

Gaj

C=(J"xJ)™ and J is the Jacobian, J,; = . Thus the errors shown in Table
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2.1 are calculated using Egs. (2.30) and (2.31). Now we come back to our main goal,
the link between the emittance inaccuracy Je and the RMS beam size error o, . Of

course ¢ depends on the steepness of the r, (1)?, i.e., from the fit function, since

normally the fit function approximate the experimental data very well. Thus the
diagonal elements of the variance-covariance matrix C are involved in ds. In Eq.
(2.31) the measure of the fit function deviation from the real data is the value

DLOFZ(r”“Szi — f.(1,))>. On the other hand, the maximal acceptable deviation of

the fit function from the experimental data is the measurement accuracy or,, . Thus
we can substitute in Eq. (2.31) D—Cl)FZ( r.Zi—f.(1,))% with &, % which give usa

new expression for the beam matrix elements errors
56, =" \JCy . (2.32)

1l
This expression links or,  to Je if one substitutes do ; into Eq. (2.30). Note that Eq.

(2.32) is not an exact solution but is an upper limit, i.e., the worst case. The advantage
of this expression is that we can see the error propagation and the error dependence on
or._. and on the steepness of the r_.(1). To demonstrate the error dependence we

rms rms
will do the following numerical experiment. How strong we can focus the beam with
the help of a lens depends on the beam size at the entrance of the lens since emittance
is a constant. As one can see from Table 2.1 in our measurements at 77 pC bunch
charge the gr function in front of the quadrupole was about 3 m. Imagine that
upstream of the quadrupole used for the scan emittance measurements there is another
quadrupole placed at some distance from the first one. With the help of this
quadrupole we can change size of the beam entering the scanning quadrupole and
hence change the fr function. In Fig. 2.6a it is shown how the phase space ellipse is
changing at the entrance of the scanning quadrupole when the upstream quadrupole
has different settings. We change the quadrupole current so that the £ function has
sequentially the values (5 m; 4m; 3m; 2m; 1.5m; 1m; 0.5m; 0.1m). Different fSr
functions will cause different steepnesses of the scan function as is shown in Fig.
2.6b. The inaccuracy of the emittance calculation for different initial gr function is
depicted in Fig. 2.6¢ as a function of the RMS beam size error dr, . Real inaccuracy

in the RMS beam size estimation is about 100 um. This, together with =3 m, gives a
reasonable accuracy of about 30 % for the emittance calculation. Nevertheless the
accuracy of 30 % can be easily improved by optimization of the initial £r function.
Thus, as follows from the calculations shown in Fig. 2.6¢c, an optimal initial gr
function for the emittance measurements at 77 pC bunch charge would be about 1 m,
which would improve the accuracy by a factor of 3. Another way to make the
emittance error better is to increase the number of measured points, thus we have
measured the beam size at six different values of the quadrupole current. Doubling of
this number would improve the accuracy by a factor of 2.5 according to the
simulations.
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Figure 2.6a Phase space ellipses corresponding to different g function values
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Figure 2.6b Simulated quadrupole scans for different g function values
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Figure 2.6¢c Accuracy of the quadrupole scan emittance measurements with different
S function values at the entrance of the quadrupole

Summarizing the quadrupole scan emittance measurements we want to note here
that for the FEL design bunch charge of 77 pC the normalized transverse emittance of
a 12 MeV beam is measured to be 7.8 + 2.9 mmxmrad. This corresponds to a
geometrical emittance of about 0.3 + 0.1 mmxmrad or just 0.3 um. The 12 MeV beam
energy is about smallest design beam energy for the FEL operation. Increasing the
electron beam energy decreases the geometrical emittance as 1/yf. As discussed in
Chapter 1, FEL operation requires the geometrical emittance to be less than the FEL
wavelength. The 0.3 um emittance is about one order of magnitude less than the
shortest design wavelength of the ELBE FEL and cannot cause any significant FEL
gain reduction.

2.5 Beam envelope analysis

The quadrupole scan method is based on the linear matrix formalism of the beam
transport where the R matrix plays a central role. The R matrix originates from single
particle consideration of the beam transport without the space charge force of the
bunch itself. Hence the linear beam transport and the quadrupole scan method are
valid when particle interaction within the beam is negligible. One has to make sure,
making the quadrupole scan measurements, that this approximation is valid. To
estimate the significance of the space charge force effects for transverse beam
dynamics envelope equation [2.6] can be used.

The most general form of a beam envelope equation is
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Yoo, 21 1 &
o' — -
ﬂzyz IAﬂ3y3 o 03
here o stands for the RMS beam radius, | is the beam peak current, 1, =ec/r, is the
non-relativistic Alfen current already introduced in the previous chapter, ¢ is the beam
geometrical emittance, y and £ are the relativistic factors. The second term in this
equation represents the external focusing field, the third term is responsible for
synchrotron radiation, the fourth one takes into account the self space charge force of
the beam and the last one represents the influence of the beam emittance on the beam
envelope. In a drift space the external focusing field is zero, therefore the second term
in Eq. (2.33) is zero as well as term three, since the beam is not in a bend magnet and
there is no synchrotron radiation. Hence, two factors rule the beam envelope in a drift
space. These are the beam emittance and the force of the bunch space charge i.e.

21 1 &° : : :
o= T, Dependent on the dominant term the beam is called emittance

1,870 o°
dominated or space charge dominated. Following Rosenzweig and Travish [2.7] we
introduce the ratio of the space charge term to the emittance term

2lo?

I Ayﬂgnz
where the normalized emittance ¢, is used instead of the geometrical one. If the ratio

is much smaller than one, the space charge effects are small and the quadrupole scan
method works well. The situation is different for the injector beam and for the
accelerated beam, in the sense of the dominant envelope factor. The first reason for
that is the big difference in the bunch length and hence the beam peak current. In the
ELBE injector the bunch coming out of the gun with a characteristic length of about
500 ps and is compressed down to 10 ps with the help of two buncher cavities. During
acceleration in the superconducting cavities the bunch is compressed again and the
degree of compression is a function of the first accelerating cavity phase. The bunch
length measurements in the injector and downstream of the accelerating module will
be discussed detailed in the next chapter. The bunch length measured for a 12 MeV
beam has a longitudinal RMS size from 2 up to 4 ps dependent on the first cavity
phase. Another difference between the injector beam and the accelerated beam is the
transverse size, since the geometrical emittance is reduced by factor of 1/y4. To prove
the validity of the quadrupole scan emittance measurements done with the 12 MeV
beam we have calculated the ratio 2.34 with a RMS beam size of 1.5 mm. The results
of the calculation are shown in Fig. 2.7a. Here the ratio is calculated as the function of
the bunch length for three different bunch charges with their realistic emittance
values. For the 12 MeV beam the ratio stays well below one for all realistic bunch
length. Increasing the beam energy will make the ratio even smaller as follows from
2.34. Consequently the quadrupole scan is a proper method for emittance
measurements of accelerated beam. The situation is different in the injector. The
calculated space charge term to the emittance term ratio for the injector beam with an
RMS beam size of 1.5 mm as a function of the bunch length is plotted in Fig. 2.7b.
The ratio is calculated again for the same three values of the bunch charge with
realistic emittance values. Because of the bunch compression in the injector, the beam
becomes space charge dominated. Certainly the space charge dominance is stronger
for a bigger bunch charge, i.e., in the case which is more important for the FEL
operation.

"+ ko +

=0, (2.33)

R =

(2.34)
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Figure 2.7a Ratio of the space charge term to the emittance term in the beam
envelope equation for a 12 MeV beam

E=250 keV; 6=1,5 mm (injector)
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Figure 2.7b Ratio of the space charge term to the emittance term in the beam
envelope equation for the ELBE injector beam
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The ratio reaches a value of 30 at the entrance of the accelerating module for 80 pC
bunch charge with 8 mmxmrad of normalized emittance when the bunch length is
about of 10 ps. Obviously the beam is space charge dominated in the injector for
almost all relevant beam parameters. This is why a quadrupole scan like method is not
appropriate for the emittance measurements without any additional changes in the
data evaluation. We have used another method to measure the transverse emittance in
the ELBE injector. This is the multislit method, which is the topic of the next section.

2.6 Multislit emittance measurements in the ELBE
Injector

The basic idea of the method is the following. A space charge dominated beam is
intercepted by a set of apertures so that effectively only a small part of the beam is
propagating through the intercepting mask. Thus the beam current and consequently
influence of its space charge is reduced. After the mask the remaining beamlets
propagate in a free from magnetic elements drift space to a place where their profiles
are measured. The apertures are designed so that the part of the beam going through is
emittance dominated. Hence, in the drift space the transverse momentum of the
electrons is not affected by the repulsive Coulomb field and is given only by the
particle distribution in the phase plane in front of the mask. Sometimes this technique
is called phase space sampling. The principle is illustrated in Fig. 2.8.

XA XA
the beamlet evolution
in a drift space

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

cutting a beamlet
with a slit

“y
o
ol /

< »

the beamlet profile
measurements d&w

Figure 2.8 The phase space sampling principle

On the left side of Fig. 2.8 the red ellipse depicts the phase space shape of the beam in
front of the mask. With the small slit placed at the position x, we cut a beamlet
oriented vertically in the phase space plane. The beamlet gets tilted during its
propagation in the drift space, since its top and bottom have different transverse
momentum. Obviously, the degree of the inclination depends on the initial divergence
spread A(x; ) and on the drift length as well. At the end of the drift space the beamlet
profile, i.e., the beamlet projection to the x-axis, is measured. Now the width of the
profile w contains information about uncorrelated transverse momentum spread in the
vicinity of x, and the absolute position of the peak, more exactly its displacement d
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from x,, carries the information about the correlated beam divergence. The area of

the beamlet profile A is proportional to the number of particles passed through the slit.
Thus by doing such measurement we will know the phase space distribution around
Xo. Repeating the measurement for different positions of the slit we could entirely
reconstruct the phase space distribution of the beam and calculate its emittance. The
only drawback of such a method would be its time consumption. To speed up the
measurements several slits are used simultaneously so that emittance and the phase
space distribution are measured in one shot.

Figure 2.9 The multislit mask used in the emittance measurements

Parameters of the intercepting mask and the drift length have to be optimized for a
certain value of the emittance to be measured. We need to fulfill following criteria to
make the emittance measurements correct:

e Angular acceptance of the slit must be significantly bigger then the uncorrelated

beam divergence, which can be written as
®, =2D ¢
o
where ¢ is the beam emittance, o is RMS beam size at the multislit mask, d is
the slit width and D is the mask thickness.

e At the end of the drift space the distance from any beamlet to a neighboring has

to be bigger than the beamlet width

<<1, (2.35)

%, =Lt <1, (2.36)
Wo
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where L is the drift length and w is the distance between slits. In other words, the
separation of the peaks coming from different slits has to be big enough.

e The drift space has to be long enough to let the beamlet expand so that at the end
of the drift space its RMS size is much bigger than the slit width, since the slit

RMS width is L this condition can be written as

243
R, = 23z g (2.37)
d o
As a consequence the slit width d is not present in the emittance calculation.

e Residual space charge force between the beamlets has to be negligible, i.e., the
beam behind the mask is emittance dominated. According to [2.7] this condition
can be written as following

R, :2—|2d—L << 1. (2.38)

l,y°e, W

Here we present and discuss emittance measurements done at the gun test stand
during commissioning of the gun. The experimental setup had following parameters:
the drift length L=250 mm, the slit width d=100 um, distance between the slits w=1.6
mm, the mask thickness D=1 mm. The multislit mask used in the emittance
measurements is shown in Fig. 2.9. The mask is made of 1 mm thick copper and
manufactured with the help of a wire cut machine. The slit width accuracy is about 5

um. It is more difficult to satisfy ratios R, and R, with a bigger value of emittance.
The opposite ratios R, and R, are more hard to satisfy for low emittance value.

Because of this and because of the fact that the RMS beam size on the slit might not
be as large as assumed, any setup for the emittance measurements has a certain
acceptance range for the emittance value within which it can be measured with good
accuracy. Besides that, one always have to make sure during the measurement that the
entire beam is coming onto the slit area and that without the mask the whole beam fits
on the view screen used for the profile measurements. In table 2.2 the calculated
values of the ratios R,, R,, R, and R, are shown for two different values of the

emittance, 8 mmxmrad and 2 mmxmrad. The calculations are done for 70 pC bunch
charge, 3 mm RMS beam size on the mask and uncompressed injector beam of 450 ps
bunch length. The value of 8 mmxmrad is almost the upper limit of the setup
acceptance. Most critical is the ration R, that means with the emittance value bigger
than 8 mmxmrad peak separation on the view screen becomes so bad that any

reasonable measurements are not possible. Note that here we talk about geometrical
emittance.

must be 8 mmxmrad 2 mmxmrad
g <<1 0.05 0.01
9 <<1 0.39 0.09
93 >>1 21.5 5.4
Iy <<1 0.02 0.07

Table 2.2 Calculated values of the ratios R, R,, R, and R, for emittance values of
8 mmxmrad and 2 mmxmrad
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A typical beam profile measured behind the multislit mask is shown in Fig. 2.10. In
this case the horizontal emittance is measured. The projection of the beam profile to
the X-axis is calculated and is also shown on the bottom of Fig. 2.10. Then the number
and position of the peaks are estimated automatically and the projection is
approximated with the help of a nonlinear least square fit by the fit function, which is
a sum of Gaussian peaks i.e.

Ffit( X)= Z o ?Z exp(— );__\/X%I J . (2.39)

On the bottom part of Fig. 2.10 the projection is depicted by the white curve, the
result of the fit is shown by red bold curve, and the individual Gaussian peaks are
shown as magenta dashed lines. Once the fit is done we can calculate the RMS
emittance defined by Eq. (2.8). To do so we need to calculate the three second

momenta of the particles distribution namely (x*), (x*) and (x-x'). At first the
statistical weight of every beamlet is defined. This is a measure of how many

A

electrons are in the beamlet. The weight is o, = —<——. Within the average value of a

A
variable we understand average to mean with the statistical weight, for example
(a)=> wa; . The term <x2> carries information about the RMS beam size at the
i

mask and is calculated as <x2>:2a)i(xi ), where X, :i-w—Za)i -i-w, w is the

distance between the slits. The term <x’2> takes into account both correlated

(XOi _<XO>)_Xi )
L
2 2
, oF +((X0i_<X0>)_Xi)
<X 2> - Zw‘ L2
correlation between beam size and the beam divergence. This is why it takes into
account only correlated beam divergence and is calculated as

(oF . .-
and uncorrelated T‘ beam divergence and it is calculated as

. The last term (x-Xx’) is a measure of the

X, — (X, )= X
(x-x)=>"x0, (%, <L0> ' ). Substituting these results into Eq. (2.8) we get the

equation for the emittance calculation written as follows

o= [ S [ Sl 05| S0 )] 0

where o; and X, are parameters of the Gaussian peaks found by the NLSF and i is the

slit index and index of the corresponding Gaussian peak. In the upper left corner of
Fig. 2.10, the emittance value corresponding to the beam profile is shown.

The next important question is: what is uncertainty of such emittance
measurements? The same approach is used here to estimate the measurement
inaccuracy as in the case of quadrupole scan method. In fact in the emittance
calculation procedure the emittance is the defined function of several independent
variables, i.e., gy = 9(W,L,0;,X,;,A ), where g stands for Eq. (2.40). Each of the

parameters is known with certain accuracy. The drift length L and the slit period w are
known with very good accuracy so we neglect their error contribution to the final
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Figure 2.10 Typical beam profile obtained during the emittance measurements

inaccuracy of the emittance. Thus only the inaccuracy of the NLSF or in other words
o0, X, and oA defines the emittance error Jdepys -

Following the principle of error theory, which is described in Section 2.4 we can
write

_ (|5 , |90 ]5 |2
Oruis _Z(‘&A\ ‘5A1 +‘6X0i‘5X0i+‘aO'i‘5ai , (2.41)

where oA, &, and oc; are defined by the NLSF over variance-covariance matrix.

It was already described in more detail in Section 2.4 regarding the quadrupole scan.
The nature of the error is the following. When we calculate emittance using Eq. (2.40)
one strong assumption is made that is that the beam profile is really a sum of several
Gaussian peaks. In fact there is always difference between the real data and such an
approximation and this difference defines the error in the emittance calculation. There
IS another way to treat the experimental data. One could reject an approximation with
the set of Gaussian peaks and calculate position, area and the RMS width of every
single observed peak. Then the same formula (2.40) together with parameters obtain
from such approximation can be used to calculate the emittance. Since the parameters
correspond to real data but not to any approximation function, the accuracy of such
data evaluation has to be much better than in the procedure we used. A serious
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drawback of this approach is that it can be used only in the case when different peaks
are completely separated from each other. This is why the method we used is more
flexible and robust in respect to experimental data quality. Furthermore the procedure
with Gaussian multi-peak approximation increases the range of the emittance
acceptance which can be measured with given experimental setup. In our
measurements the relative error increases with increasing bunch charge. If for the
small bunch charge of about 0.1 pC the relative error is about of 10 %, for the bunch
charge of 60 pC the relative error is about 30 %. We have measured the transverse
emittance in both X and Y planes. Results of measurements with the corresponding
accuracy are shown in Fig. 2.11. Results of the quadrupole scan measurements are
shown in Fig. 2.11 as well.

—@— Multislit measurements at 250 keV (vertical)
—m— Multislit measurements at 250 keV (horizontal)

—®@— Quad scan measurements at 12 MeV
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Figure 2.11 Normalized RMS emittance measured in the injector with the multislit
method

Summarizing the emittance measurements we have to notice several points. First of
all as one can see emittance grows when the bunch charge is increased. It is also clear
that the emittance increases already in the injector. The effect was understood and
described very well and simulated with computer codes by Jochen Teichert [2.8]. It is
interesting that this is not a simple repulsive effect of the bunch space charge as one
might first think. The emittance increases beginning in the electron gun. The gun is a
thermionic triode delivering electrons with kinetic energy of 250 keV. There is a grid
near the gun cathode to make the electron beam pulsed. There are two factors defining
the grid electrical potential in respect to the cathode. A pulsed generator with constant
amplitude drives the grid. To let a certain charge penetrate through the grid and be
accelerated in the gun a variable DC bias is applied to the grid. One can adjust the
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bunch charge by changing this bias level. When the gradient of the electrical field is
different upstream and downstream the grid, it works as an electrostatic lens.
Obviously at different bias values the lens affects the electrons coming through the
grid in different ways. At the very beginning the emittance of the beam is defined by
the cathode radius and by the focusing effect of the grid. This mechanism is
responsible for the emittance increase which has been measured. The next point to
notice is that emittance measured with the quadrupole scans downstream of the
accelerator is less than emittance in injector. Liouville’s theorem [2.2] says that this is
not possible. The reason for the difference is the following. The quadrupole scan
measurements were performed approximately one year after the measurements in
injector. During this time the cathode has changed the efficiency of its emission. The
efficiency droped down and, as a consequence, the effective radius of the cathode was
reduced. For that reason the emittance of the electron really gets smaller. Later
multislit measurements in injector have proved this and are in good agreement with
the quadrupole scan measurements shown in Fig. 2.11.

2.7 Conclusion

In this chapter we have discussed the concept of a charged particle beam’s
transverse emittance. Two different techniques used to measure emittance at ELBE
were described including their errors analysis. The emittance was measured in the
ELBE injector where the beam energy is 250 keV and downstream of the accelerator
module at a beam energy of about 12 MeV. All measurements have reasonable
accuracy and are in agreement with each other. At the design bunch charge of the FEL
of 77 pC the normalized RMS emittance is measured to be about 8 mmxmrad. An
electron beam with such emittance will not cause any significant reduction of the FEL
gain.
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Bunch length measurements

3.1 Introduction

3.2 Bunch length evolution at ELBE

3.3 Bunch length measurements in the injector

3.4 The method of the bunch length measurements using coherent transition radiation
3.5 Experimental setup for the CTR measurements

3.6 Experimental results

3.7 Conclusion

3.1 Introduction

As was already pointed out in the first chapter the electron bunch length
measurement is an essential part of the FEL electron beam diagnostics. Two main
reasons for that are the slippage effect and the strong dependence of the FEL gain on
the electron beam peak current.

A simplified layout of the ELBE FEL, with the elements acting on the longitudinal
phase space, is shown in Fig. 3.1. In general, the idea of the longitudinal phase space
evolution for the ELBE FEL is the following: an electron bunch coming out of the
electron gun has a FWHM length of about 450 ps and a longitudinal profile close to
Gaussian. In the injector the bunch is compressed longitudinally down to about 10 ps.
Two cavity bunchers do the bunch compression. The 10 ps long bunch is injected into
the first accelerating module #1. At the module exit the bunch is several picoseconds
long, slightly compressed during acceleration. The module also dramatically increases
the beam energy spread. The elements influencing the longitudinal phase space on the
way from the module #1 exit to the undulator are the magnetic bunch compressor
“chicane”, the accelerating module #2, and the “S” shaped part of the beam-line. The
“S” has a constant R., and rotates the longitudinal phase space clockwise. The

chicane has adjustable R., and rotates the longitudinal phase space counterclockwise.
The R, is an element of the R matrix introduced in Eq. (2.15). Thus by adjusting the

magnetic chicane one can minimize the bunch length at the undulator entrance.

In the frame of this thesis the bunch length, which is in picosecond scale, was
measured at the exit of the accelerating module. The measurements were done during
commissioning of the ELBE linac as a part of the module characterization. The
measurements were performed using a Martin-Puplett interferometer to measure an
autocorrelation function of the coherent transition radiation (CTR). Another technique
was developed to minimize the bunch length in the injector. The technique utilizes a
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BPM placed at the end of the injector. The BPM signal is analyzed in the time and in

the frequency domain to find the optimal injector settings.
undulator

T ’
electron gun \Q

260 MHz buncher
1.3GHz buncher )
chicane

beam
dump
done BPM done MPI
measurements measurements
module #1 module #2

Figure 3.1 Layout of the ELBE FEL; beamline elements acting on the bunch length;
positions of the bunch length measurements

3.2 Bunch length evolution at ELBE

Based on the general idea of the longitudinal phase space evolution for the ELBE
FEL, a detailed design was made using PARMELA numerical simulations [3.1]. Here
we concentrate only on that part of the accelerator where the evolution is essential for
the measurements as described below. Figure 3.3 shows some longitudinal phase
space shapes and their projections to the energy and the time axes at some key points
along the beamline. These are results of a PARMELA run made with 2000
macroparticles with an effective bunch charge of 77 pC.

As was already mentioned in the previous chapters, the ELBE electron gun is a
thermionic triode. A constant DC voltage of 250 keV is applied between the cathode
and the anode. The average accelerating gradient in the gun is about 1.8 MV/m. The
control grid is placed 200 um from the cathode. An RF circuit based on avalanche
diodes drives the grid. The shape of the voltage pulse given to the grid defines the
longitudinal shape of the electron bunch coming out of the gun. The pulsed shape
measured using a 6 GHz sampling oscilloscope is shown in Fig. 3.2. The starting
bunch length depends on the bunch charge as well, since a different offset voltage has
to be applied to the grid to produce bunches with a different bunch charge. Here we
are interested mainly in the maximum design bunch charge, i.e., 77 pC. The starting
FWHM of such a bunch is 450 ps.

The fundamental frequency of the linac is 1.3 GHz. This corresponds to a period of
769 ps. The bunch produced by the gun is too long to be directly accelerated and for
this reason is compressed longitudinally in the injector. The compression is done in
two stages. First the 260 MHz buncher modulates the energy of the electrons within
the bunch so that electrons in the head of the bunch are decelerated, while the
electrons in the tail of the bunch are accelerated. The bunch center does not change its
energy in the buncher. The buncher is a normal conducting coaxial cavity and is
operated in the TMo19 mode.

44



Bunch length measurements
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Figure 3.2 Shape of the pulse on the control grid of the electron gun

The 450 ps long bunch fits very well in the range where the 260 MHz field is linear.
As a result at the buncher exit the energy of the electrons within the bunch is a linear
function of the longitudinal coordinate. The phase space at the buncher exit is shown
in Fig. 3.3 (a). It is important that at the energy of 250 keV the electrons are not fully
relativistic and, having different energies, have also different velocities. Propagating
further in a drift space, the electrons come together and get grouped around the bunch
center. The phase space shape after the 3 m long drift space is plotted in Fig. 3.3 (b).
This point is the entrance of the second buncher. The effect of the repulsive space
charge force can be seen at this point. The force accelerates head of the bunch and
decelerates its tail. Accordingly the head and the tail of the phase space distribution
become bent, changing the phase space shape from the linear to a sine-like one. The
second buncher is also a normal conducting coaxial cavity operating in the TMoag
mode but at the fundamental frequency of 1.3 GHz. The buncher has the same effect
on the longitudinal phase space as the first one and compresses the bunch further so
that the longitudinal focal point is at the entrance of the accelerating module. Figure
3.3 (c) shows the phase space distribution at the second buncher exit.

Todd Smith proposed to use the two buncher compression scheme at ELBE. When
the bunch is compressed the density of the electrons is increased as well as its electric
field strength. The space charge field causes beam emittance growth. To reduce this
effect, one has to shrink the time when the bunch electric field badly affects the
emittance. That is to say the bunch has to be compressed as fast as possible. On the
other hand a very high field gradient in the subharmonic buncher would take too
much RF power. Therefore the subharmonic buncher is used to reduce the bunch
length so that the fundamental buncher can be used. The last one compresses the
bunch as fast as it can. The two buncher scheme is a trade-off between acceptable
emittance growth and reasonable RF power required for the bunchers [3.2].
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Bunch length is reduced in the first cells of the cavity #1 of the accelerating module
at the same time the energy spread increases dramatically. The most important feature
of cavity #1 is that in the cavity the electrons become relativistic. For that reason
difference in energy leads to a very small difference in the velocity so that the electron
bunch length stays almost constant downstream of the cavity #1. Figure 3.3 (d) shows
the longitudinal phase space in the first cell of the cavity #1, while Figure 3.3 (e)
shows the phase space at the cavity #1 exit. The phase of the RF field at the moment
when the electrons come in to cavity #1 is a very critical parameter for the bunch
length. Contrarily, the cavity #2 phase variation does not influence the bunch length
significantly since the electrons are relativistic already. Running cavity #2 off-crest
one can introduce correlated energy dependence from the longitudinal coordinate
within the bunch. This has to be done for the further bunch compression by the
magnetic chicane in the FEL beamline. The longitudinal phase space at the cavity #2
exit is shown in Fig. 3.3 (f).

During commissioning of the accelerating module we have concentrated our efforts
mainly on the bunch length measurements as a function of the cavity #1 phase. The
measurements were performed for different values of the bunch charge.

3.3 Bunch length measurements in the injector

To provide optimal evolution of the longitudinal phase space in the accelerating
module and between the module and the FEL undulator, the bunch length and the
energy spread in the injector have to be optimized. In the early stage of the ELBE
injector commissioning the bunch length and the energy spread were measured with
the help of a special diagnostic module. The module was installed directly at the
injector end at the future location of the accelerating module. The module consists of
a dipole and a transversal RF kicker cavity [3.3]. The dipole bends the beam
vertically. The RF kicker cavity is running in the dipole TMp;; mode at 1.3 GHz so
that it modulates the horizontal momentum of the electrons within an electron bunch.
Therefore in the dispersion region behind the dipole a beam profile, measured with a
view screen, carries information about the beam energy spread and the bunch length
simultaneously. The injector was commissioned and characterized with the help of the
diagnostic module [3.4]. When the accelerating module was installed the diagnostic
one could not be used and another technique was necessary for the bunch length
measurements.

The idea of the bunch length optimization is very simple. The bandwidth of an
electrical signal is inversely proportional to the signal width in the time domain. The
bandwidth depends also on the signal shape. Under assumption that the shape of the
bunch does not change significantly, a larger amplitude of a higher frequency
component corresponds to a shorter bunch. That means that the observation of the
beam spectrum can be used for the bunch length diagnostic. Observation of the entire
beam spectrum is not the optimal way, since the resolution of any RF measurement
depends on the measurement bandwidth. To make the measurements more precise one
should reduce the bandwidth. The measurements’ central frequency has to be
optimized as well. The measurements should be done at high frequencies where the
beam signal change is larger. On the other hand, one should remember that at a higher
frequency many details of the beam detector design could cause the detector response
to be different from the theoretically predicted one.
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Figure 3.4 The %4 BPM signal with different RMS bunch lengths

At the end of the injector a stripline beam position monitor (BPM) is installed.
Operation and design of the BPM is described in detail in the next chapter. The BPM
is a broadband detector, with bandwidth spreads up to several GHz. The %41 BPM
signal in the frequency domain, calculated for different values of the RMS bunch
length, is shown in Fig. 3.4. The BPM is designed to have the response maximum at
1.3 GHz. This is the second maximum of the BPM response. The calculations are
done for a Gaussian longitudinal bunch profile with RMS bunch length of 450 ps, 300
ps, 200 ps, 100 ps and 10 ps. As can be seen in Fig. 3.4 the BPM signal at 1.3 GHz
rises about 30 dB when the bunch is compressed from 450 ps down to 10 ps. The
BPM is designed to operate mainly at this frequency, so the behavior of the BMP at
the 1.3 GHz is well understood and predictable. The frequency of 1.3 GHz is close to
the inverse bunch length of 450 ps. This is why it should be easy to distinguish a 450
ps long bunch from the 10 ps one. But the resolution of such measurements depends
on the bunch length, so that the method cannot distinguish between the 10 ps bunch
and, for example, a 30 ps one. The main point of the optimization of the longitudinal
phase space in the injector is minimization of the length of the bunch injected into the
accelerating module, since this results in the minimum energy spread of the
accelerated beam and therefore the minimum of the longitudinal emittance. There are
four knobs to influence the bunch length at the end of the injector. These are the phase
and the amplitude of the RF field in the two buncher cavities. Primarily the first
subharmonic buncher operating at 260 MHz influences the bunch length. That means
it is most important to find the proper phase and amplitude for the buncher.

48



Bunch length measurements

_ !
.50 \

BPM signal at 1.3 GHz, dBm

T
T
|

|

0 60 120 180 240 300 360
260 MHz buncher phase, deg.

Figure 3.5 The signal of the stripline BPM placed at the end of the injector as a
function of the subharmonic buncher phase
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Figure 3.6 The signal of the stripline BPM placed at the end of the injector as a
function of the subharmonic buncher incident RF power
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The power of the 1.3 GHz component of the BPM signal was measured as a
function of the subharmonic buncher phase and the buncher gradient. The maximum
of the BPM signal corresponds to the minimum bunch length. The first time the
measurements at ELBE injector were done when the diagnostic module was not yet
removed and the crosscheck measurements were possible. The measurements of the
bunch length with the help of the BPM are in very good agreement with the
measurements with the transfer kicker cavity. The measured BPM signal as a function
of the buncher phase is shown in Fig. 3.5. The dependence of the signal from the
buncher incident power is depicted in Fig. 3.6. Thus for those setups the maximal
bunch compression was achieved at a buncher phase of 5° and incident RF power of
500 W.

The bunch compression measurements in the injector with the BPM are the first and
necessary step in the optimization of the electron beam longitudinal emittance. Final
adjustments of the injector elements influencing the longitudinal emittance should be
made when the bunch length and the energy spread are measured with the accelerated
beam after the module.

3.4 The method of bunch length measurement using
coherent transition radiation

3.4.1 Transition radiation from a single charged particle

At first let us consider the phenomena of transition radiation (TR) for a single
charged particle. When a charged particle crosses a boundary of two media with
different dielectrics or magnetic constants, transition radiation is produced [3.5].
Consider the particular case when an electron crosses the boundary of vacuum and a
metal. The metal is thought to be a perfect conductor; this is a very good
approximation for frequencies less than the plasma frequency of the metal @, . Thus

when the electron crosses the surface, conducting electrons in the metal move so that
the electrical field of the electron gets screened. For an observer outside the metal this
event looks as if the electron “suddenly” disappears. In this case “suddenly” means
that the characteristic time of the process 7., IS much less than the inverse

frequency of the emitted radiation 1/@,gm00, 1-€- <<1. The
characteristic time 7,,.., IS & measure of how fast the conducting electrons,

considered as a collective, can reposition. In fact this is the inverse plasma frequency
of the metal. Thus for a radiation with @4, << @, the expression “suddenly” is

true, and we can think that the response time of the TR is zero. This is a very
important property of the TR which is used for the bunch length measurements.
Because of this fact, the longitudinal profile of the transition radiation pulse made by
an electron bunch is a copy of the longitudinal bunch profile.

One can describe the process of the TR more rigorously as follows. The
electromagnetic field of the electron, approaching the metal surface in vacuum can be
described as a sum of the electron’s field and the field of its image particle. The image
particle moves in the metal so that the boundary conditions on the surface are
satisfied. Then the crossing of the boundary looks like annihilation of the electron and
the image particle. The generated transition radiation can be described analogically to

(0

z-transition radiation
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the bremsstrahlung radiation [3.6]. The spatial distribution the emitted radiation can

be written as
2

d'w ¢’ ¥ MX?] _ in,?] , (3.1)

d2dw 4r%c (5Vy) | (5:V)
- -
where e is the electron charge, c is the speed of light, S =|k?| and Kk is the wave vector

of the TR, V, and V, are the velocity vectors after and before the event, respectively.

The sum in Eqg. (3.1) is taken over all particles taking part in the interaction; in our
case these are the electron and the image particle. Assume the electron is relativistic;
this is normally the case of interest. If the electron hits the surface with an angle y/, in

respect to the surface normal, then the generated TR is concentrated around the angle
-y, as a double cone with maximum intensity at —w, £1/y, where y is the
relativistic Lorentz factor. A thin metal foil is used very often to generate the TR for
electron beam diagnostic purposes. Figure 3.7 shows one of the possibilities. The thin
foil is oriented 45° degree with respect to the beam direction. The TR generated on
the front surface of the foil propagates perpendicular to the beam direction. The
transition radiation is also generated on the rear surface of the foil and propagates
collinear with the beam. The radiation distribution calculated according to Eq. (3.1) is
also shown in Fig. 3.7. The calculation is made assuming an electron energy of 12
MeV. The same intensity distribution but in more detail is depicted in Fig. 3.8. The
radiation is peaked at the angles of 90°+2.44° as was mentioned above. One more
point to note is that the total energy of the transition radiation is proportional to »?,
this fact makes the use of the radiation difficult at low energy. Now we consider the
process of the TR not for a single electron but for a very big number of electrons, i.e.,
an electron bunch.

3.4.2 Transition radiation of an electron bunch

If an electron bunch consisting of N, electrons crosses the boundary of vacuum and
a metal, each electron of the bunch generates the TR. For a wavelength shorter than
the bunch length, the radiation power is proportional to N., since for every electron
there is an electron radiating in opposite phase and the coherent term equals zero. The
transition radiation is very broadband; its part that lies in the optical range of spectrum
is called optical transition radiation (OTR). The intensity of the OTR is linearly
proportional to the current density; this fact makes the OTR a very good instrument
for a beam profile measurements. For a wavelength much longer than the bunch
length, all electrons radiate almost in one phase and, since the phase difference is
constant, the radiation is coherent and therefore the power of the radiation is
proportional to Nez. This part of the TR radiation is called coherent transition
radiation (CTR). Of course, there is a transition region when the spectral power

density goes from N, to N,°.
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Figure 3.8 The calculated angular distribution of the TR generated on the foil
oriented 45 °to the beam direction by 12 MeV electrons
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Obviously, the position of this transition depends on the bunch length; hence
measurements of the transition radiation spectrum can give information about the
bunch length. As was already mentioned in Chapter 1, for the ELBE FEL bunch
charge of 77 pC N, is about 4.8x10%. As a consequence almost all power of the
transition radiation is in the coherent part.

To describe the dependence of the TR spectrum from the bunch length
guantitatively one calculates the electrical field of the TR from the entire bunch as a
sum of the fields radiated by separate electrons and then calculates the radiation
intensity as the square of the field. Following [3.7] we denote the field radiated by a
single electron as E¢(F,t), where dependence on the coordinate is given by Eq. (3.1)
and the time dependence is the Dirac delta function related to the temporal moment
when the electron passes the surface. Then the field of the bunch is written as

Eb(F,t)=ZESk(F,t—rk) (3.2)

where the sum is taken over all electrons of the bunch and 7, indicates the time when
the k™ electron radiates the TR. The Fourier transform of Eq. (3.2) is

Ey(@)oc Y Eg ()6 . (3.3)

At this point it is convenient to calculate the power spectrum of the bunch TR, which
gives the following

P(w)=E,(w)E, (0)= > Ee (@) Eg j(w)e . (3.4)

Since the power spectrum of a single electron is P,(@) = E;(®)E, (@) Eq. (3.4) can
be rewritten as following

R(w)= Ps(w)[Ne +ZZe“”““’”j- (3.5)

ko j=k

Because we deal with a very big number of electrons displaced from each other on a
distance much smaller than the bunch length, the summation can be replaced by an
integral. Introducing a normalized distribution function of the longitudinal bunch
density f,(t), one can rewrite the sum as [3.7]

>en = N, [ f,(t)e"“dt = f.(w). (3.6)

Analogously replacing the double summation in Eq. 3.5 one gets the expression
showing the dependence of the bunch power spectrum from the bunch length in the
following form

R(@)=P(@) N~ NN, + 1) o) |. (37)

For frequencies much higher than the bunch spectrum the second term is zero and the
power of the transition radiation is proportional to the number of the electrons in the
bunch, i.e., to the beam current. This is the optical transition radiation. For
wavelengths longer than the bunch or frequencies small in comparison to the bunch

characteristic frequency, the ‘Fb(a))r, called bunch form factor, is approaching unity

so that the spectral power density is proportional to Ne2 as was expected and is

discussed above. Thus from the power spectrum measurements one can gain an
information about the electron bunch length.
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3.4.3 The Martin-Puplett interferometer

As we saw in the beginning of this chapter the electron bunch length of an
accelerated beam at ELBE is in the picosecond range. One picosecond corresponds to
a wavelength of 0.3 mm and to a frequency of one terahertz. Therefore for a bunch
length measurement, with a technique utilizing the CTR, the spectral measurements
have to be done in the sub-millimeter and millimeter wavelength range.

The Martin-Puplett interferometer (MPI) [3.8, 3.9] is a modification of the
Michelson interferometer. Sometimes it is also referred to as a polarizing version of
the Michelson interferometer. In both cases the interference takes place between two
beams passed through different optical path lengths. To begin with, we consider
operation of two important millimeter-wave optical elements. These are the wire grid
and the roof mirror.

In the listed wavelength range a wire grid can be used very efficiently as a polarizer
and as a beam splitter as well. The wire grid is an array of stretched parallel metal
wires placed close to each other. The diameter of the wires and the grid period are
chosen to be much smaller than the wavelength. The wire length is much longer than
the wavelength of the interest. Consider a plane polarized electromagnetic wave
coming to the grid with the electrical field oriented along the wires. Such a wave will
excite well an image current along the wires as if the grid were a metal mirror.
Consequently the grid will reflect the wave. A wave with the electrical field
perpendicular to the wires cannot excite the image currents so effectively. For this
reason the wave polarized perpendicular to the wires will pass through the grid. Since
any wave with arbitrary polarization can always be considered as a sum of two plane
polarized waves with orthogonal polarizations and with a proper phase difference, it is
clear that the wire grid will act as a polarizer on an electromagnetic wave, i.e., let
thought only one component. Of course the wavelength of the wave must be in the
listed range. In the case when the incident wave with amplitude E, is plane polarized

so that the angle between the wires and its electrical field is &,, the field with the
amplitude of E, sin(6, ) will be transmitted and the grid will reflect the field with the
amplitude of E_ cos(6, ). If the angle 6, is 45° the grid wire transmits and reflects

the same amount of the field, that is, E, / V2 and therefore works as a 50-to-50 beam

splitter. The power reflectivity for the component polarized parallel to the wires is
given as
R _ 1
T 14(25/AY In(S/2d )
and the transmission for the component polarized perpendicular to the first one as
2d2)2
T, = (= (3.9)
Y (228 PlL+ (r20%F /(245 )
where d is the wire diameter, S is the wire grid period and A is the wavelength
[3.9].

Another important element for the MPI operation is the so-called roof mirror. It
consists of two plane mirrors assembled so that their surfaces are perpendicular to
each other. The line where the mirrors are attached is called the roof line. The most
important property of the roof mirror is that it changes the polarization direction upon
the reflection. Imagine the roof mirror with the roof line aligned vertically. Let the
incident wave be plane polarized and let ¢ be the angle between the polarization

(3.8)
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plane and the vertical. The incident and the reflected waves have the electrical field
arranged so that they satisfy the boundary conditions on the mirror surface. Thus the
vertical component of the electrical field alters for 180° degree under each reflection
and since this happens twice in the roof mirror this component has the same direction
in the reflected wave. The horizontal component of the electrical field alters by 90°
under each reflection and after two of them within the roof mirror alters by 180°. As a
result the polarization of the reflected wave will be tilted at angle — ¢ to the vertical.
Hence, the roof mirror turns the polarization angle for 2¢. Choosing ¢ equal to 45°
one can manage to have the roof mirror to change the plane polarization to the
orthogonal one.

Figure 3.9 illustrates the operational principle of the Martin-Puplett interferometer.
At first, a beam coming into the MPI is polarized. Assume for the sake of discussion,
that the vertical polarization is transmitted by the polarizer. Then another grid with
wires oriented 45° to the vertical splits the beam in two waves with equal amplitude
and with polarizations tilted +45°. These two beams are reflected back to the beam
splitter by two roof mirrors with the vertically oriented roof line. The polarization of
the two beams is changed by 90° on the roof mirrors. The component reflected by the
splitter earlier now will be transmitted and the transmitted one in the beginning will
be reflected. So the beam splitter works as the beam combiner as well. Note that the
two beams originated from a single one and, for this reason, are coherent, and we
have to add their electrical fields. If the two arms of the interferometer have different
path lengths the two beams will be combined with some phase difference. As a
consequence the recombined beam has, generally speaking, elliptical polarization. It is
interesting that the total beam power detected at this point is the same as we have at
the MPI input. The effect of the path length difference of the two beams is the change
in the polarization state of the recombined beam. To detect the change, one has to
measure independently the power of the orthogonal polarized components. In the MPI
it is done using one more polarizer (analyzer), which transmits one polarization to
first detector and reflects the orthogonal one to second detector. One of the roof
mirrors is moveable so that the path difference is introduced in a controllable way.

Let E,,(t)=E,g(t) be the longitudinal profile of the field transmitted by the first

polarizer, where E, is a constant. The beam splitter reflects to one roof mirror
JR,/2E,g(t) of that field and transmits /T, /2E,g(t) to the second one. The path

length difference of AL in the two arms of the interferometer corresponds to a time
delay of 7 =AL/c. It is assumed that the path of the second beam is longer. Then for

the recombined beam field one can write

Ean (1) = TRy /265 (9 + 9(t-7)). (3.10)
The detectors used in the Martin-Puplett interferometer sense the radiation intensity.
The detector signal as a function of the time delay z can be written as follows

+00

U@ =ETR/2)[(00F +9belt-okt G

—00

where we have used the fact that .[(g (t))dt = I(g(t —7))*dt. The first term under the
integral in Eq. (3.11) does not depend on the delay and represents a constant offset,
which is actually proportional to the incident power. The second term is the
autocorrelation function of the longitudinal field profile. The Wiener-Khintchine
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Figure 3.9 Diagram of a Martin-Puplett interferometer

theorem [3.10, 3.11] states that the Fourier transform of the autocorrelation function is
the power spectrum.

The essence of the bunch length measurement technique utilizing coherent transition
radiation is the following. Since the response time of the transition radiation is zero,
the time profile of the CTR is a copy of the electron bunch longitudinal profile. The
Martin-Puplett interferometer is used to measure the autocorrelation function of the
CTR pulse. The power spectrum and the bunch length information is obtained by
Fourier transforming the measured autocorrelation function. There are different
approaches for obtaining the bunch length from the MPI measurements. The data can
be evaluated in the time domain [3.12] as well as in the frequency domain [3.7, 3.13].
The method of data evaluation we have used is a frequency domain method; its details
are explained in the next sections.

3.5 Experimental setup for the CTR measurements

An aluminum foil as thin as 10 um, stretched to a frame, was used to generate the
CTR. The foil is oriented 45° to the beam direction. Thus the backward CTR part is
propagating almost perpendicularly to the electron beam. We have used a z-cut
crystal-quartz window for the output of the CTR from the beam line.

A Martin-Puplett interferometer is used to measure the autocorrelation function of the
CTR pulses. A parabolic aluminum mirror with a focal distance of 200 mm is used to
transform the divergent transition radiation into a quasi-plane wave, which then goes
to the interferometer. Wire grids are used as polarizers and as beam splitters in the
interferometer. The grids are made of gold covered tungsten wires, with diameter of
20 um. The grid period is 100 um. Another parabolic mirror at the output of the
interferometer focuses the radiation on the input windows of the detectors. The MPI
used at ELBE for the bunch length measurements was built in collaboration of the
University of Aachen, the Fraunhofer Institute fur Produktionstechnik in Aachen and
the physics institute of the RWTH in Aachen. The interferometer is a copy of the
interferometer originally built for the TESLA Test Facility (TTF) at DESY. The
interferometer at TTF was successfully used for beam characterization [3.14].
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Pyroelectric detectors were used for the measurements at TTF. However, it was found
that the detector has strong oscillations in its frequency response. This is extremely
undesirable, since it has a serious impact on the bunch length reconstruction. For this
reason we have modified the MPI and have used two Golay cell detectors for the
measurements.

The detector was developed first in 1947 by Golay [3.15, 3.16]. The Golay cell is a
pneumatic detector. The main part of the detector is a chamber with compressed gas.
One wall of the detector is an infrared transparent window. A flexible membrane is a
part of another wall of the chamber. An efficient infrared absorber is placed inside the
chamber. Infrared radiation directed into the chamber heats the absorber, which in
turn heats the gas in the chamber via convection. Since the volume of the chamber is
constant, the rise of the temperature leads to pressure increase, which results in a
deformation of the membrane. The deformation is detected by a simple optical
system. More details on the Golay cell operational principle can be found in [3.17].

The moveable mirror is mounted on a linear motor stage, driven by a step motor so
the mirror position could be controlled very precisely. The minimum step size of the
stage is 2.5 um. Usually, for a bunch length measurement interferometer scans with
steps of 25 um were made. The step motor is computer controlled via the Local Area
Network. The two signals from the Golay cells are fed to ADCs with differential
inputs. The ADCs are PCI card based and are installed in the same computer. The
bunch length measurements with the MPI were automated. The automation software
is written in LabVIEW. The results of the measurements are presented and discussed
in the next section.

3.6 Experimental results

3.6.1 Linearity of the detectors

The bunch length measurements were made in the diagnostic beam mode, when the
electron beam is macropulsed and the average beam current is 1 pA in order of
magnitude. We also have used the ability of the RF system to run the accelerator with
a reduced bunch frequency with respect to the standard one, which is 13 MHz. The
Golay cell is a relatively slow detector with a response time of milliseconds in order
of magnitude. The macropulse length in the bunch length measurements was in the
same range. Thus the Golay cell works as an integrator measuring the average CTR
power within a macropulse. The macropulse period was chosen to be much longer
then the Golay cell relaxation time. Figure 3.10 shows the response of the two Golay
cells installed on the MPI to a single macropulse. The amplitude of the signal was
taken as a measure of the average CTR power. The two Golay cells used in the
measurements are not identical. To make sure that the signal amplitude is truly
proportional to the incident power, the amplitude was measured as a function of the
macropulse length keeping all others beam parameters the same. The results of the
measurements are shown in Fig. 3.11 with a linear function best approximating the
data. Golay cell #2 has a linear response in the whole range of the measurements.
Golay cell #1 has its response linear only up to a macropulse length of 1.5 ms, which
corresponds to the Golay cell signal maximum of 1.6 V. Therefore in the all following
measurements we kept the incident CTR power in the range where both detectors are
linear, i.e., the maximum of the Golay #1 signal may not exceed a level of 1.6 V.
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Figure 3.11 Linearity of the Golay cell detectors
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3.6.2 Initial data evaluation

A typical result of the interferometer scan is shown in Fig. 3.12. The scan is made
with mirror steps of 25 um and the entire scan range is 5mm. The choice of the scan
range is a compromise between a moderate time for measurement and the amount of
the data needed for the bunch length reconstruction. We have to use a Fast Fourier
Transformation (FFT) to obtain the power spectrum from the measured
autocorrelation, since the measurement data is discrete. The power spectrum is also

discrete with a frequency resolution of Af = Nfs , Where f_ is the sampling

m

frequency and N, is the number of measured points. The mirror step Ax of 25 um

corresponds to the double pass length change of 50 um and to the sampling frequency
of 6 THz. The interferogram contains 200 points giving the spectral resolution Af of

0.03 THz. The spectrum given by FFT spreads from zero to the sampling frequency
but consists of two symmetric parts; one of them stands for the negative frequencies.

. f L
Thus the meaningful spectrum spreads from zero to 75 which is 3 THz for our

measurements.

The first step in the data procedure is the detector normalization. This is necessary
because the detectors are not equal, as was mentioned. The following assumptions
were used for the normalization. If the detectors were identical then the mean value of
the data taken by the detectors will be equal, this follows from the symmetry of the
interferometer with respect to a 90° polarization change. The second assumption is
that the modulation depth, i.e., the difference in the maximum and minimum will be
equal as well, since the sum of the two signals must be constant. The normalized data
contains both the coherent part and the noncoherent part. We understand by coherent
here that when one signal goes up the second one goes down. Noncoherent means that
both signals either grow or decrease. The noncoherent part can be given by any
instability in the experimental setup. In an ideal case taking the difference of the two
normalized signals will cancel the noncoherent part. Practically, the noncoherent part
is not canceled completely but gets substantially reduced. The normalized difference
is depicted in Fig. 3.13 for the raw data shown in Fig. 3.12.

The autocorrelation function of a positive definite function is a positive definite
function as well. This follows directly from the definition of the autocorrelation. The
longitudinal density of the electrons is, of course, a positive function and one would
expect the autocorrelation to be also positive. The two well-seen minima on the
interferogram are explained by the low frequency cut off, which comes from the
diffraction losses on the Golay cell input window. Symmetry is another feature of the
autocorrelation function given by its definition. As one can see the measured
interferogram is not symmetric. The interferograms obtained in all our measurements
have approximately the same degree of nonsymmetry. A small misalignment of the
interferometer is believed to be responsible for that. The Fourier representation of the
nonsymmetrical autocorrelation is complex. The imaginary part of the representation
comes from the nonsymmetry and is not related to the bunch length or to the bunch
shape. For this reason, in calculating the power spectrum of the bunch we have used
only the real part of the FFT representation. There are several examples of the
calculated bunch spectra shown in Fig. 3.14. The measurement data is represented by
dots.

59



Chapter 3

0.50

] — Golay #1
0.45 ’\V-\\ Golay #2

0.40
0.351 / \ / \'W
0.30 — M\-v‘v"w"u&u/[r' \ / \.\
0,25 \ / WM
0.20 \
0.15

0.10 - WPM\\// \VNW”‘M,W

I

Amplitude of the Golay cell signal, V

0.05 r r . . T
16 17 18 19 20 21

mirror position, mm

Figure 3.12 The raw data obtained with the Martin-Puplett interferometer

B /
:(1) s CAS / \ -
W\

Y

16 17 18 19 20 21

mirror position, mm

Intensity, a. u.

Figure 3.13 Interferogram — the normalized difference of the detectors signals

60



Bunch length measurements

0.20
cavity #1 phase
x e 111.3deg
0.15 ® 114.3deg |}
® 117.3deg
_ ® 119.1deg
>
d
v 0.10
o
2
=
e ()
<
0.05 . s
1 o .
s
(J
0.00 e e~
, , , ; , r
0.0 0.1 0.2 0.3 0.4 0.5

frequency, THz

Figure 3.14 The measured beam spectra and the corresponding fit functions to
determine the bunch length

3.6.3 Bunch length reconstruction

The power spectrum defines uniquely the amplitude of the components of the
frequency domain representation of the pulse. But information about the relative
phases of the different components is lost in the interferometric measurement. This is
why a direct pulse shape reconstruction from the power spectrum is not possible.

The general idea of obtaining the bunch length information from the MPI
measurements is the following. First the power spectrum of the bunch is calculated
using only the real part of the FFT representation of the measured interferogram. An
assumption is made on the bunch shape and the power spectrum of the hypothetical
bunch is calculated. A filter function, responsible for the low frequency cut off, is
used in this calculation. Parameters of the hypothetical bunch shape are chosen so that
its “filtered” power spectrum fits well to the experimentally measured spectrum. We
o)
have assumed the Gaussian shape of the bunch, that is, n(t)=Le az)
co2r
where o, is the RMS bunch length and Q is the bunch charge. The Fourier transform
of the distribution function is also a Gaussian function and is written as

woy

() Q 7[ ﬁ] . Thus we can write the Gaussian bunch power spectrum as

=—F—¢
C\27

P(w)=C e @) (3.12)
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where C is a constant.

An analytical form was chosen also for the filter function. As was mentioned above
diffraction on the Golay cell input window is responsible for the low frequency cut
off. The general Huygens’ integral can be used to describe the diffraction losses
[3.18]. If an aperture with the radius a is illuminated by a plane electromagnetic
wave with the amplitude E,, the field penetrating through the aperture is given in

cylindrical coordinates as follows

E(rka)=i2mN.e j E,e o] O(Z”N ”jd@j, (3.13)

a a

2
a‘k . . : .
where N =D is the Fresnel number, k is the wavenumber, D is the distance

from the aperture to the plane of observation and J, is the zero order Bessel function
of the first kind. The intensity of the penetrating wave within a disk of radius R, is

written as 27z_|'r|E(r,k,a)|2dr. The transmission of the aperture is the ratio of the
0
penetrated intensity to the intensity of the incident wave power within the aperture,

this can be written as:
Ry

'[r|E(r,k,a)|2dr. (3.14)

2

T a’E,’
The Golay cell has an input window with diameter of 5 mm. Unfortunately, the exact
dimensions of the chamber with the infrared absorber are unknown and we can only
estimate them in order of magnitude. If we suppose that the infrared absorber has a
radius of 4 mm and is placed 10 mm from the window then the numerical integration
of the Eq. 3.14 gives the transmission shown in Fig. 3.15 by the black line. It is very
desirable to have the filter function in a simple analytical form. One criterion of the
filter function quality is that it fits well to the diffraction loss curve. Another criterion
is that the final frequency domain fit function approximates well the measured power
spectrum. The second criterion is much stronger, since the calculated diffraction
losses are only an estimate. We have considered two functions as candidates for the
filter function, these are

Fl,. (0)=1-e)" and F2,, (0)=1—e>" (3.15a, b)
where @, is the characteristic cut off frequency. The functions are plotted in Fig. 3.15
with the characteristic cut off frequency of 0.1 THz. The function F1,,, (@) fits well
to the diffraction losses curve, but, as a matter of fact, F2,,., (@) gives much better
fits to the measured spectra as shown in Fig. 3.14. Thus the F2,,. () is used as the
filter function in the further bunch length evaluation.
The product of the bunch power spectrum, given by Eq. (3.12), and filter function
F 2 (@) is the frequency domain fit function
ful@)=[l-e @) cete, (3.16)

used to determine the RMS bunch length, from the data taken with the MPI. The fit
function parameters C and o, best approximating the experimental data, were found

by means of a nonlinear least square fit. The parameter o, is interpreted as the
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Figure 3.15 Diffraction on the Golay cell aperture and the empirical filter functions

measured RMS bunch length. Figure 3.14 shows the fits corresponding to the data
shown on the same figure.

As was already mentioned, the cavity #1 phase plays a very important role in the
bunch length evaluation. This is why we have concentrated on the bunch length
measurements as a function of the cavity #1 phase. The measurements were done for
different bunch charges. The results of the measurements are presented in Fig. 3.16.
The measurements are in good agreement with the bunch length predicted by the
PARMELA simulations.

3.6.4 Bunch length minimization

One scan with the MPI takes several minutes. We have done about of 20 scans to
measure the dependence of the bunch length from the cavity #1 phase for a given
bunch charge. Thus the search for a minimal bunch length using this approach takes
approximately an hour, even with a fast data evaluation procedure. There is another
way to make the bunch length minimization in minutes. The essential principle of this
procedure is very close to the one used to minimize the bunch length in the injector
and described in Section 3.3. The CTR power within the Golay cell bandwidth is
inversely proportional to the bunch length. Thus the maximum of the CTR pulse
energy corresponds to the minimum bunch length. The amplitude of the Golay cell
signal measured as a function of the cavity #1 phase is depicted in Fig. 3.17. The
RSM bunch length measured as explained in this section above is also shown in Fig.
3.17, confirming the above statement.

Observation of the CTR signal gives also the information on the stability of the RF
system.
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Figure 3.17 The online minimization of the bunch length
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Bunch length measurements

In the very first measurements using the Martin-Puplett interferometer, it was detected
that the amplitude of the Golay cell signal varies about 20 % from one macropulse to
another, when no visible change is made in the accelerator setup. It was found that the
reason for the modulation was modulation of the phase of the RF field in the linac.
The indication for this was the fact that the Golay signal modulation was correlated
somehow to the control signal in the RF phase feedback loop. As the matter of fact,
the instability was introduced to the RF system by the noisy environment of the
master oscillator [3.19]. The situation was greatly improved by placing the quartz
oscillator, first in a heavy lead housing and second in a soft foam-like absorber, which
is a good absorber for acoustic waves [3.19].

3.7 Conclusion

The general idea of the electron bunch length evolution for the ELBE FEL was
described. The technique of using a beam position monitor to minimize the bunch
length in the injector was explained. Results of the bunch length minimization in the
ELBE injector using the technique were presented. The measurements are in good
agreement with the transverse kicker cavity measurements [3.4]. We have used the
Martin-Puplett interferometer to measure the bunch length of an accelerated beam at
an electron beam energy of 12 MeV. The method and the experimental setup were
described. The procedure proposed for the bunch length derivation from the
interferometric measurements in the frequency domain was explained. Results of the
measurements with the MPI were presented. The experimental data is in good
agreement with the bunch length predicted by PARMELA simulations.
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Beam position monitor system

4.1 Motivation

4.2 Design of the BPM detector
4.3 BPM electronics

4.4 Software of the BPM system
4.5 Conclusion

4.1 Motivation

Overlap of the electron beam and the optical mode of the FEL resonator is a must
for FEL operation. Both of them must be placed on the magnetic axis of the undulator.
Numerical simulations show [4.1] that the transverse electron beam size in the
undulator is about 1 mm. The geometry of the optical resonator, i.e., the curvature
radius of its mirrors and the distance between them as well as the FEL wavelength
define the size of the optical mode. It is planned to operate the ELBE FEL with the
U27 undulator in the wavelength range from 3 um though 30 um. The Rayleigh
length of the optical resonator is chosen to be 1 m. The size of the optical mode waist

in the undulator is given by W, =,/Z;4/7 , where Z is the Rayleigh length and A

is the wavelength [4.2]. The waist size varies from 0.98 mm to 3.1 mm in the listed
wavelength range. Thus one has to make sure that the electron beam position in the
undulator is very stable to ensure stable FEL operation. Therefore an accuracy of the
electron beam position measurements of 100 um is required with the assumption that
the electron beam and the optical mode have the sizes mentioned above.

There are different sorts of possible beam instabilities. One of them is a long-term
drift the others are fast beam oscillations. To be able to detect both of them the beam
position measurement system has to be operating online and nondestructive for the
electron beam. At the same time beam position measurements should be time
resolved. The system has to work in a high average current mode as well as in a
diagnostic mode with a macropulsed beam.

We would like to make some remarks on the electron beam position measurements
in the undulator. The vacuum chamber in the undulator is very different from the
other parts of the beam line. This is done to minimize the undulator gap and by so
doing to increase the FEL gain. Because of the special geometry and the space
constraints it is very difficult, if possible at all, to place convenient beam position
monitors (BPM) inside the undulator. The idea of the beam position control in the
undulator is the following. There are two BPMs placed around the undulator, one
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upstream and one downstream. One more separate system measures the beam position
directly inside the undulator. This is a system of seven precise view screens. The view
screens are used for the optical cavity alignment as well, ensuring the overlap of the
beam and the optical mode. This system is described in [4.3]. The view screens can be
used only in the diagnostic mode when the average current of the beam is very low, 1
uA in order of magnitude. Once the optimal trajectory of the beam in the undulator is
found using the diagnostic mode, the two BPMs measure it and use it as a reference.
Later when the machine is running in high power mode the two BPMs are used to
monitor stability and position of the beam. If the beam is in the reference positions in
the two BPMs then its position in the undulator should be the same as in the
diagnostic mode.

The electron beam position control in the undulator is not the only reason to develop
the BPM system for ELBE. As already discussed in Chapters 1 and 2, the beam
transverse emittance is a very important quantity for FEL. There are two items one
has to remember to provide the FEL with an electron beam with appropriate
emittance. First of all the electron source has to generate the beam with the low
emittance. Secondly one has to preserve the emittance during the electron beam
transport from the source to the FEL. One of the important conclusions of emittance
preservation physics is that one has to minimize the misalignment of the quadrupoles
and the accelerating structures to prevent emittance increase [4.4]. In other words an
electron beam should be aligned as close as possible to the axes of these elements.

A BPM can be mechanically aligned to the beam line elements with a limited
accuracy. It is also important to realize that mechanical center of the BPM can differs
from the electrical one. For these reasons, the presence of a BPM system does not lead
automatically to an optimal beam transport but once the optimal trajectory is found
the BPM system can be used to characterize its stability and to locate an element
causing problems, which is the case especially during commissioning. Thus the whole
accelerator and not only the FEL surroundings should be equipped with the BPM
system.

ELBE is a multi-purpose accelerator dedicated not only to the FEL but also for
experiments in nuclear physics, radiation physics and neutron physics. All these
applications require stability of the electron beam position and will benefit from the
BPM system.

4.2 Design of BPM

4.2.1 Requirements of the BPM system

There are different types of BPM detectors successfully used to measure the
position of charged particles beams. When designing a new BPM system, first it has
to be decided which kind of BPM detector is most appropriate. The parameters of the
beam like average current, its time structure and bunch charge have to be taken into
account to make a reasonable choice. From the very beginning it is important to
understand what the requirements of the BPM system are. Of course, the most
important question is the required resolution of the system. But it is also important to
understand if a relative position or an absolute position of the beam is important. In
some cases it is necessary to consider a possible negative effect of the BPM detector
onto the beam quality.
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The following demands were made on the ELBE BPM system. Resolution of the
beam position measurements is required to be 100 um. The beam position should be
measured with that resolution for up to 5 mm beam displacement from the beam line
center. The system must operate with an average beam current up to 1 mA. Dynamic
range of the system has to enable operation of the system in the diagnostic beam mode
when the average beam current is several microamperes. The system must support
operation with any possible bunch frequency. The nominal bunch frequency for the
FEL operation is 13 MHz but for machine diagnostic reasons it can be reduced down
to its 128" subharmonic, i.e., 101.5625 kHz. The number of required BPMs is
between 20 and 30.

Two types of BPM were considered as candidates for the ELBE BPM system. One
of them is the cavity beam position monitor [4.5] another one is the stripline beam
position monitor [4.6]. To compare these BPM types and to choose the proper one for
EBLE, analytical calculations as well as beam test measurements at the ELBE were
performed. We have used the stripline BPM of the JLab FEL [4.7] for the beam
measurements in the beginning of our work on the ELBE BPM system. A prototype
of a cavity BPM for ELBE was built for beam measurements at Rossendorf [4.8].

4.2.2 Basics of a cavity BPM

There are different configurations of the cavity BPM. The simplest one is a
cylindrically symmetric cavity. An off-center beam excites the dipole TMi;0 mode in
the cavity. For small beam displacements, the mode amplitude is linearly proportional
to the beam displacement from the cavity axis. The orientation of the dipole mode
depends on the azimuthal coordinate of the beam as is shown in Fig. 4.1. The
amplitude of the TMy;0 mode and its phase relative to an external reference are
measured to determine the beam position. The beam also excites the fundamental
symmetric mode of the cavity. Since the maximum of the electric field of the
fundamental mode is located in the cavity center the mode is excited more efficiently.
Usually this is the main limiting factor for the cavity BPM resolution. However, the
signal delivered by this type of BPM detector is much higher than the signal of any
other BPM, since the cavity is a resonant structure and makes use of its quality factor.

There are two applications where the cavity BPM has strong advantages. First, the
cavity type BPM has been successfully used to demonstrate a submicron resolution of
position measurements [4.9]. The resolution was demonstrated for a bunch charge of
nC in order of magnitude. Second, the cavity BPM can be used for the position
measurement of a beam with a very low, nA in order of magnitude, average current
[4.10].

Several aspects of this BPM approach can be seen as shortcomings. An electron
bunch interacting with the cavity also generates a wakefield [4.11]. The wakefield
acts back on the electron beam affecting its quality. There is a very strong correlation
between the cavity signal used for the position measurement and the generated
wakefield, since both are dependant on the shunt impedance of the cavity. Thus
increasing the cavity BPM resolution potentially decreases the beam quality. This
should be taken into account very carefully especially in the case when a big number
of BPM detectors is required. A high cavity quality factor results in a narrow
bandwidth of the resonance. Sometimes the cavity BPM needs temperature
stabilization, which takes considerable length on a beam line. It is necessary in
making the mechanical design of the BPM to take into account that pumping out the
cavity leads to its deformation and thus to a frequency change. Since it is necessary to
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deal not only with the RF signal amplitude but also with its phase the corresponding
BPM electronics is relatively complicated. Temperature stabilization of the
electronics and the transmission line from the BPM to the electronics might be
required.

A

Y E-field
cavity wall

4

Figure 4.1 Excitation of the TMy10 mode by an off-center beam in the cavity BPM

The cavity BPM is a very good diagnostics tool that sometimes does a job which
cannot be done by any other BPM. The price for that are its relative complexity and
the fact that the cavity BPM design is a complicated trade-off. A prototype of a cavity
BPM for ELBE was developed, manufactured and tested with beam in Rossendorf
[4.8]. Results of the measurements are in good agreement with the expectations.
However, we decided to build the ELBE BPM system based on another BPM type.
This is the stripline BPM. The reason for the decision was that we found the stripline
BPM and the corresponding electronics simpler, while we proved that the stripline
BPM based system can meet the system requirements. The design of the stripline
BPM is described in the rest of this section.

4.2.3 Image current as a foundation of the stripline BPM operation

Before we consider another type of BPM detector, we recall some basics of
electrodynamics. A charged particle beam is always accompanied by electromagnetic
field. In the case of a relativistic electron beam, because of the Lorenz transformation
the field is compressed in the direction perpendicular to the beam direction. Consider
a beam propagating in a tube with ideally conducting walls. The diameter of the beam
is much smaller than the tube diameter. There is the required condition that no
electrical field is inside the conducting walls. To satisfy this condition, a current flows
on the inner surface of the wall. This is the so-called image current. It is intuitively
clear that the average value of the current is equal to the average beam current and the
direction of the image current is opposite to the beam current direction. The
longitudinal current distribution and the time structure of the image current follow the
beam structure, because of the relativistic field compression. The most important
question is the distribution of the image current on the inner wall surface when we are
interested in beam position measurement. It is clear that the distribution depends on
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the beam position inside the tube. Using the image current method, one can show
[4.12] that the distribution is
I R® —r?

27 RR®+r?>—2Rrcos(¢p—a)’
where |, is the beam average current, R is the inner radius of the tube, « and r are
the polar coordinates of the beam and ¢ is the polar coordinate of the point where the
current is measured. The polar coordinate system is depicted in Fig. 4.2. The formula
is derived with the assumption that the beam radius is much smaller than the tube
radius. Since the distribution depends on the beam position, it can be used for beam
position measurements. A complete measurement of the distribution function is a
difficult experimental task, and as we will show now, it is not necessary to do this to
reconstruct the beam position. Imagine that instead of a continuous pipe we have four
equal electrodes symmetrically placed on circumference with angular shift of z/2
between neighbors. Let € be the angular size of the electrodes. Imagine also that we

have found a way to measure the integral current on such electrodes. The angular
distribution of the image current can also be expressed in a different way from Eq. 4.1

namely [4.13]
limg (T, 0) = ZHOR{1+ 22(%} COS(n(go—a))}. 4.2)

|mg( ro 99)'_ (4'1)

Note that this equation is totally equivalent to 4.1. We will call electrodes placed right

and left “R” and “L”. The currents through the electrodes are accordingly
012

|(re)= jlimg(r,a,¢)R do (4.3a)
I(ra)= _jlimg(r.a,co)R dp (43b)

7+6012
The Egs. 4.3 can be easily integrated using Eq. 4.2 resulting in the integral current on
the electrodes “R” and “L”. Accordingly,

{9 42 (—j sm( jcos(na)} (4.4 a)
—;{ew;%(a sin(n(gwrjjcos(na)} (4.4 b)

In all practical cases of interest the electron beam should be placed near the beam line
center. For that reason we consider an approximation where r << R. If we keep in
Eqgs. 4.4 terms up to first order this will give the following

I 0
I = 2ﬂ(0+4ﬁsm(2jcos(a)] (4.5a)

I = 2|7r (9 4Esm(§]cos(a)j. (4.5b)
Making the sum and difference of these two equations and using x =rcos(« ), we
can express the horizontal beam position via I, and I . Obviously, the vertical
position of the beam can be expressed in the same way through the currents on the top
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and the bottom electrodes I, and I;. Thus the beam position as a function of the
integral currents is written as
X:E 012 1,-1, y:B 012 IT—IB.
2sin(@/2)1;+1, 2sin(8/2)1; +1,
As was mentioned above it is not necessary to measure the entire distribution function
of the image current to estimate the beam position. Four integral measurements are

enough. Moreover, one remarkable feature of the approach is that such beam position
measurements do not depend on the beam current.

(4.6 a, b)

AY

Figure 4.2 Coordinate system for the image current calculations

Consider now dependence on the angular width of the electrodes. The angular size of
(612)
sin(6/2)
is rather slow one. In the listed angular range the function changes its value from 1.0
to 1.1. This is why one meets very often in the literature Egs. 4.6 in the following
form: x=—1e =l gng y Rl =ls

I +1, 2 1; +1g
% and, in practice, it is much smaller. This way to process the BPM data is called
“difference over sum” or “normalized difference”. There are also some other BPM
data processing algorithms. A very good overview with comparisons of the different
approaches can be found in [4.14].
The next point one has to note about such position measurements is that, in general,
Eqgs. 4.4 are not linear functions. We have gotten the linear dependence of the currents
on the beam displacement in Egs. 4.5 only, because we have considered the first-order
terms of r/R. That means the linear dependence is true only for a small beam

displacements and in practice we should observe the nonlinear response of the BPM
to the beam position. One straightforward way to calculate the nonlinearity of the
BPM response is to integrate numerically Egs. 4.3, using the distribution function of
the image current in the form given by Eq. 4.1. In the calculation the beam
displacement is the input parameter. For a given beam displacement we calculate the

the electrodes & can vary in the range from 0 to almost /2. The function

. This leads to a maximum possible error of 10
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image current distribution and integrate it in the angular range corresponding, for
example, to the electrodes “R” and “L” resulting in the integral current flowing over
these two electrodes. As a last step we calculate the beam position using Egs. 4.6. To
get the sought after nonlinear dependence, we repeat such procedure for the beam
displacements in the range from 0 through R. Results of the calculations are shown
in Fig. 4.3 for a beam pipe radius of 18.9 mm, which is the ELBE beamline inner
radius, and for an angular electrode’s size of 68°. A linear function is shown on the
same plot to facilitate judgment on the nonlinearity. As we can see for the beam
displacement in the range +0.25R, deviation of the BPM response from the linear
function is relatively small. In fact, it is less than 2 % in the listed range. However, for
a bigger beam displacement, the difference of the BPM function from the linear one
grows rapidly and for a beam shift of 0.9R the error in the position measurement
would be more than 50 %. Recall now that the beam position should be measured
with good resolution for up to 5 mm beam displacement from the beam line center.
This requirement fits very well to the linear range of the BPM function with
Ar << £0.25R, since for the ELBE beamline 0.25R =4.7mm. Thus we can use the
procedure for the beam position measurement described above and summarized in Eq.
4.6 without any corrections for nonlinear BPM response.

15

10 —

The BPM response, mm

- —
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Figure 4.3 Nonlinearity of the BPM response
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Using Egs. 4.5 one can calculate the sensitivity of the BPM to the beam
displacement in terms of the signal power difference on the two opposite channels. In
the small beam displacement approximation we are looking for a linear function and
we can write the power difference in a logarithmic scale as follows

XCy = 20Iog10(:—Rj , 4.7)

L
where C, is the constant we are looking for. After a simple transformation, keeping
only the linear term, we get
_ 80 sin(@/2)1
*“In10 (0/2) R’
Substituting in Eq. 4.8 R=18.9mm and € =68° we get the sensitivity of our BPM
equal to 1.8 dB/mm. Note that this is the difference of the signal power of two

opposite channels. The change in one channel signal power is naturally half of that,
i.e., 0.9 dB/mm.

(4.8)

4.2.4 Microwave concept of the stripline BPM

Several aspects make accurate image current measurements nontrivial in our case.
One problem is that the current we need to measure is not a DC current but has a time
structure almost copying the time structure of the beam. We consider the beam which
will be used to run the ELBE FEL. This is a CW beam of very short, 1 ps in order of
magnitude, pulses traveling with a repetition rate of 13 MHz. To do the proper
measurements one always has to consider the electromagnetic spectrum of the beam.
As any periodic function, the beam current can be represented by its Fourier series. If
a function has a fundamental frequency f, then its spectrum contains only harmonics

of f,, i.e., all frequencies f,n, where n is an integer. Thus, if we look at the beam

spectrum, we will see a set of spikes each separated from its neighbors by 13 MHz.
The envelope of the spectrum corresponds to the Fourier transform of a single bunch.
That means in the case of 1 ps bunches the beam spectrum expands, generally
speaking, up to the THz range. Of course, in reality it is always limited by the
bandwidth and by the sensitivity of the instruments we use. The width of every single
spike in the spectrum corresponds to a macropulse length if the beam is macropulsed.
In the case of CW beam, the observed spike width is defined by the bunch to bunch
time jitter, by the measurement time, or by the resolution bandwidth of the
instruments.

Now we consider the microwave concept of the stripline BPM. In general it is very
close to a so-called directional coupler widely used in the RF and microwave
technology. A stripline BPM consists of two coaxial tubes. The inner tube is cut in a
way that forms the four electrodes, which we have discussed above. The outer tube is
the vacuum chamber wall. So the electrodes and the outer tube form four transmission
lines. The distance between the tubes is chosen so that the impedance of the
transmission line is 50 Q. The inner tube has a longitudinal gap on the upstream side.
Near the gap an RF feedthrough is connected to the inner tube. The impedance of the
feedthrough is also 50 Q. The scheme of the stripline BPM is shown in Fig. 4.4. The
inside diameter of the inner tube can be made equal to the inside diameter of the
beamline. In this case the change of the beamline impedance is minimized. This is
important when wakefield effects play a noticeable role and have to be considered in
the emittance budget [4.15].
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Figure 4.4 The stripline BPM schema

Now we examine the signal formation on this type of electrodes. When an electron
bunch passes under the gap, in the inner tube a part of its electromagnetic field is
coupled into the transmission line. The field has two ways to propagate. These are the
transmission line and the feedthrough. Since the two ways have equal impedances,
half of the power coupled in will propagate into the transmission line and the other
half goes into the feedthrough. There are different possibilities of the transmission line
configuration on the downstream side. We consider the case of the transmission line
ended by short circuit. The portion of the RF field propagated in the transmission line
is reflected from the short circuit and propagates in the opposite direction with
changed polarity. The signal measured on such type of electrodes is a bipolar-doublet,
i.e., it consists of two peaks with different polarity and separated in time by 2L/c,

where L is the transmission line length and c is the speed of light.

In the very first measurements with stripline BPM we used a BPM of the JLab FEL
which we have had installed at the ELBE injector. The measurements were done with
an electron beam energy of 250 keV. An example of the BPM signal in the time
domain is shown in Fig. 4.5. This is the response of the BPM to a single bunch.

It is not necessary to have a short circuit at the downstream side of the transmission
line. This can ends either with open end or with another RF feedthrough. The second
feedthrough can be terminated with 50 Q and also can be used to pass the signal to
BPM electronics. The latter is especially useful for an accelerator with two beams
propagating in opposite directions. It is not difficult to prove that on every
feedthrough a signal from only one of the beams will show up [4.6].

Let us consider the BPM signal in the frequency domain. There is a boundary
condition for the transmission line with a short circuit on one side that any standing
wave has a zero of the voltage and maximum of the current on the short. For that
reason the BPM has different sensitivities to different frequencies. It has maximum
sensitivity for all frequencies corresponding to the wavelengths 4 =4L/m, where m

is an odd integer. The first maximum of the sensitivity is at L =%, the second one at
L =%A and so on.
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Figure 4.5 Signals of the BPM in the time domain
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Figure 4.6 Signal of the BPM in the frequency domain

One should find the Fourier transform of the BPM signal to show this mathematically.
We will use the following simple form of the signal corresponding to a Gaussian
bunch
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(t+r)? (t-7)°
Ve (1) =V,e 27 —Ve 2 (4.9)
where o stands for the RMS bunch length and 7 =L/c is the half of the distance
between the two peaks, V, is a constant containing the average beam current and the
impedance of the transmission line. The Fourier transform of Eq. 4.7 is

ot (oL
Ve (@)=2Vyo e ? sm(Tj. (4.10)
As was explained above, the function has its first maximum at L =%A4. An example
of the calculated BPM response function is shown in Fig. 3.4. The calculations are
done for a BPM with 173 mm long electrodes. The response of the BPM measured
with the help of a spectrum analyzer is shown in Fig. 4.6.

The JLab FEL machine BPM was designed to have a maximum response at 1.5
GHz. The fundamental frequency of the JLab linac is 1497 MHz. The BPM was also
designed in a way that the sensitivity maximum at 1.5 GHz is the second maximum of
the response function. That means the strip length corresponds to %4 , where A is the
wavelength of 1.5 GHz. That was done partly for historical reasons and partly because
the length of the BPM is suitable for the accelerator and no problem was found during
the BPM manufacturing.

Based on the JLab design, a prototype was build of the stripline BPM adopted for
ELBE. The length of the electrodes was chosen to be %4, that is, 173 mm for 1.3
GHz. The BPM is made of stainless steel and is electron beam welded. It has four
SMA type feedthroughs that are also electron beam welded to the BPM. The
electrodes are made with an angular size of 68°. The choice of this size is always a
trade-off between BPM sensitivity and linearity of the BPM response. A BPM with an
electrode size approaching z/2 would capture the maximum image current and
would have maximum possible sensitivity. On the other hand the linearity of the BPM
will suffer from such wide electrodes. The big width will also increase the RF
coupling of the vertical and horizontal electrodes and this is very undesirable. On the
other hand making the electrodes too narrow could cause not only a small sensitivity
but also some difficulties for the transmission line impedance calculations.

In our case the width of the electrodes can be considered as much bigger than the
distance between the two tubes. In this case simple analytical calculations are enough
to find the geometrical parameters resulting in the 50 Q impedance. The outside
diameter d., of the inner tube is known since the beamline tube is given. Then for the
electrodes’ width @, the inside diameter d,, of the outer tube is calculated.
Impedance of the transmission line is inversely proportional to its width for a given
distance between electrodes. This can be seen as follows. Impedance is proportional
to inductance and inversely proportional to capacitance. Widening the electrodes
increases the capacitance and decreases the inductance and as the result decreases the
impedance. If the electrode of angular size & is needed with an impedance of 50 Q
then the coax with the same inner and outer diameters d,, and d_, must have an

out

impedance of Z = (Zi]SO.Q. The impedance of the coaxial line is given as
T
7 = Zo | Gou (4.12)
2\ d,
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where Z; is the impedance of free space and that is 120z Q. For the inside diameter
d,, of the outer tube one gets

out

%)

oy =i ™. (4.12)
Substituting in Eq. 4.10 8 =68° and di, =37.8 mm we find doy: =44.2 mm. These are
geometrical parameters of the ELBE stripline BPM. Note if one needs to have very
narrow electrodes such simple analytical approach might be not sufficient and more
detailed modeling using a computer code will be required.

4.2.5 First beam tests and essential BPM measurements

Two prototypes were manufactured to make a beam test, that is, to measure the
BPM response and to compare it with the calculated one. At the time the ELBE
injector was operational and that was used to do the measurements. One of the BPMs
was installed at the end of the injector beamline. The measurements were done with
the help of a spectrum analyzer. There were two HELIAX® type RF cables feeding
the BPM signals to the spectrum analyzer. The cables are about 25 m long and can be
used for signals up to several GHz. Since the first measurements were the basis for all
the following work on the BPM system, we needed precision in the measurements.
The attenuation of the cables was measured at 1.3 GHz to be 5.52 dB and 5.93 dB.

steering coils bended beam  BPM view screen

| | |

Spectrum analyzer g Video camera
to measure " to measure the
the BPM signal - beam position

Figure 4.7 Beam line scheme to measure the BPM response; corrector, BPM, view
screen

The measurements had two main objectives. The first one was the measurement of
the BPM signal versus average current of the beam and the second one was the
measurement of the BPM response to the beam displacement. The beam current was
measured first at the electron gun or, speaking more precisely, in the high voltage
power supply of the gun. An isolated beam dump working as a Faraday cup also
measured the beam current. This is necessary to ensure that there is no significant
beam loss. At the same time it was a crosscheck on current measurements. For the
measurements we needed another independent method to measure the beam position.
A view screen installed upstream from the BPM was used for that purpose. Steering
coils placed upstream from the view screen and the BPM were used to change the
beam position. The configuration of the beamline is shown schematically in Fig. 4.7.
As the first step, the steering coils were calibrated. In the very beginning of the
measurements we have found settings of the steerer that put the beam in the BPM
center. With this settings position of the beam is measured with the view screen and is
defined as a zero. Secondly, the beam position was measured with the view screen as
a function of the coil current. The distances between the steerer and the view screen
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and between the view screen and the BPM are known. Using the data we could
calculate the beam displacement in the BPM induced by the steerer as the function of
its current.

A very important question for the prime measurement is: what do we measure? The
answer arises from an idea of how the future BPM electronics is going to be built.
Kevin Jordan from the JLab FEL has proposed to build the BPM electronics for
ELBE based on a logarithmic amplifier and to work in the frequency domain. Design,
tests, commissioning and performances of the BPM electronics are described in the
next section of this chapter. There we will also explain in more detail why the
measurement was made the way it was.

------ i Agilent
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Figure 4.8 Measurements of the 1.3 GHz component of the BPM spectrum

Naturally the measurements were done in the frequency domain. We have measured
the power of the 1.3 GHz component of the BPM signal. This component is one of the
peaks comprising the BPM signal in the frequency domain as described above. There
is an example of one such measurement in Fig. 4.8. The measured dependence of the
power the 1.3 GHz component on the average beam current is shown in Fig. 4.9. The
measurements are done keeping the beam always in the center of the BPM. To do so
the power on two opposite channels was measured and if necessary the beam was
steered by the corrector. Results of the measurements are shown in logarithmic and
linear scale. The linear scale is used to show that the BPM response to the beam
current is linear. The logarithmic scale is used since it is convenient in RF and
microwave technology. If one keeps in mind that the BPM delivers about —24 dBm at
1.3 GHz for a beam of 1 mA average current and the response is linear this will be
enough to know the BPM signal level at any beam current.

78



BPM system

-20
gty
7 =
—@— Logarithmic ol/"././ /./ : I
-30 g a5 o m - 12
o m
— [ ]
o g | 10
£ -40- S g _ >
5 o —m— Linear g E
= / ././ | =
S, 504 | ? re -
i r §
= M i
5 -60- i 4 @
v
i T ./. -2
I/ L
=70 4 F/ L0
, i i i i
0 200 400 600 800 1000

Beam current, uA

Figure 4.9 The measured dependence of the BPM signal from the average beam
current. The measurements are done keeping the beam in the BPM center
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Figure 4.10 Dependence of the BPM signal from the beam position measured at the
ELBE injector with a spectrum analyzer. The measurements were done with an
average beam current of about 40 zA.

The signal power measured at 1.3 GHz on two opposite channels as a function of
the beam position is shown in Fig. 4.10. The signal sum is also presented to show that
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there is no significant beam loss when we steer the beam. The measurement data of a
single channel are approximated with the linear function that gives the sensitivity of
the BPM. The measured sensitivity is 0.8 dB/mm. This is only 2.4 % different from
the calculated sensitivity of 0.9 dB/mm.

4.2.6 Potential resolution of the stripline BPM

The measurements of the BPM signal over the beam current are enough to estimate
the potential resolution of the position which can be delivered by this type of BPM
detector. If we define the resolution as the beam displacement equivalent to the
system noise then from Eq. 4.6 follows

, _R_0/2 V2o, R 6I2 [B (4.13)
X 2sin(012) 21 2y/2sin(@/2)\ P,

where B, and P are the noise and the signal power respectively. The noise power is
P, =kT,B, (4.14)
where T, is the temperature, B is the measurement bandwidth and k is the

Boltzmann’s constant. Sometimes this fact is referred to as the Nyquist’s theorem.
The noise density kT, for a room temperature of 290 K is 4.10%" W/Hz or —174

dBm/Hz. The signal power was measured and the noise power is calculated assuming
the measurement bandwidth of 10 MHz. This choice of the bandwidth will be
explained in the next section of this chapter. The resolution of the stripline BPM as
given by Eq. 4.13 with the beam measurement data is shown in Fig. 4.11. The
resolution delivered by the BPM is better than the required 100 um for a beam with an
average current of more than 6.6 pA. Of course, an entire BPM system has a
resolution worse than the detector can provide because any BPM electronics adds
some extra noise decreasing the signal-to-noise ratio.

Thus already in the first measurements it was demonstrated that the stripline BPM
can be used at ELBE for beam position measurement and can easily deliver the
required resolution of 100 um.

4.2.7 Development of %441 BPM

Several problems were found during BPM manufacturing as well as during their
practical use at the accelerator. Two BPMs were built to see how reliable is the
technology of manufacturing. In fact about 50 % of the RF feedthroughs were broken
during the first electron beam welding by the company. That was a very bad result, if
one takes into account that the feedthroughs are the most expensive part of the BPM
and have a long delivery time. Next we found that the four stripe electrodes were
positioned at slightly different distances from the BPM center. Figure 4.12 shows the
CAD drawing of the %4 BPM. The inside view of the BPM demonstrating the
problem is shown in Fig. 4.13. The reason for that was mechanical stress in the tube
used to form the electrodes. After the tube was treated on a wire-cut machine the
stress bent the electrodes. This leads to different impedances of the transmission lines
and also causes some extra shift between the electrical and the mechanical center of
the BPM. Besides the bent electrodes cause some additional mechanical stress to the
RF feedthrough threatening to break them. One more problem of the BPM with 173
mm long electrodes is that it is not possible to estimate its electrical center. The
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procedure of the electrical BPM center estimation will be described later in this
section in detail. The next problem of our first BPM was that sometimes it was not
possible to put the BPM at desirable position on the beamline because of its length.
All these problems motivated us to redesign the stripline BPM.
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Figure 4.11 Resolution of the stripline BPM calculated using equation 4.13 and the
measurement data shown on the Fig. 4.9

The main idea for the new design was to make the stripes only ¥4 long instead of
%4 . To keep time and money and to be more flexible in the sense of editing the new
design we decided at first not to build a real BPM, which could be installed and tested
on the beamline, but to build its electrical model. From the microwave point of view
the model is exactly the same as a real BPM but it can be manufactured much faster,
since there is no welding and different pieces are screwed together. We also have used
front-panel-mount SMA connectors instead of vacuum-sealed feedthroughs. Several
photographs of the BPM model are shown in Fig. 4.14.

A wire test bench was used to evaluate the ¥a4 BPM model. In these experiments a
thin conducting wire is stretched through the BPM. The wire forms a coaxial
transmission line with the grounded BPM. An RF generator was used to excite a
TEM-wave in the BPM. The field of the wave simulates the beam field. We have
mounted our test bench on an optical table to reduce undesirable wire vibrations. So
the wire with 1 mm diameter was fixed always in one position. The BPM model was
mounted on a linear motor stage. Driven by a stepping motor, the stage has a
resolution of 2.5 um. The system was aligned so that the wire was in the mid plane of
the BPM model. The BPM model was moved by the stage horizontally. We
discovered that any motion of a person in the room with the equipment causes a
parasitic signal much bigger than the system noise.
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Figure 4.12 %4 BPM CAD drawing

Figure 4.13 Inside photograph of the BPM with a different position of the stripes
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Figure 4.14 Electrical model of the A/4 BPM. The technique of electrical prototyping
is a very time efficient and cost efficient way to prove correctness of the general
design idea.
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For that reason the test bench was placed in a separate room and was completely
remote controlled over the Ethernet. In this experiment we have used some of the first
prototype versions of our BPM electronics based on the AD8313 logarithmic
amplifier.

First the %4 BPM was installed on the test bench to calibrate the RF generator. The
dependence of the BPM signal on the beam current had been already measured,
namely 1 mA of average current corresponds to about —24 dBm on the BPM output at
1.3 GHz. To calibrate the generator with the installed long BPM we found the power
level of the generator which results in —24 dBm at the BPM output. Once the long
BPM was installed at the wire test bench we also tested the ability of the test bench to
simulate the beam. The wire powered by the RF generator was moved precisely in the
BPM and the BPM response was measured exactly in the way we did with the beam.
Doing so we could compare the calculated response function, the one measured with
the injector beam, and the response function measured on the test bench. Results of
these measurements are shown in Fig. 4.15. As one can see, the measured response of
both the %4 BPM and the %44 BPM model are extremely close to each other and to
the calculated response function.

We also attempted to measure the cross-talk function of the BPM on the wire test
bench. The question is: will we see any change in the measured vertical position if we
move the wire horizontally? The measured vertical position as a function of the
horizontal wire position is shown in Fig. 4.16. Interpolation of the data with linear
function gives the cross-talk coefficient of 21.6-10° um/mm. This is acceptably small
in our case. There is one problem in the interpretation of the measurements, namely
the alignment of the entire system. The cross-talk coefficient corresponds to 1.2° of
tilting with respect to the wire motion plane. The accuracy of the alignment is on the
same order of magnitude. This is why it is more correct to take the measured cross-
talk coefficient as a possible upper limit. Since the value is small enough and it was
not easy to improve the alignment in a short time we decided not to invest time in a
more accurate cross-talk measurement.

Obviously, the measurement results shown in Fig. 4.15 demonstrate that the wire
test bench can be successfully used for new BPM tests. The signal amplitude of the
YaA BPM model was measured as a function of the RF generator power level. The
measurements show the same dependence as for the %4 BPM. Thus one can affirm
that the coupling of the short BPM to the beam is the same as for the long one. As a
consequence the BPM resolution is the same, assuming an identical measurement
bandwidth. The most important result is that the ¥4 BPM has no disadvantages in
comparison to the long %4 BPM. When those measurements were completed the real
YaA BPM was designed and built.

Besides the short electrodes some new technological solutions are used in the
design. The BPM is not electron beam welded but brazed. This makes the BPM much
cheaper, since for the brazing one can put a very big number of the BPMs in an oven
and make them all at once. In the case of electron beam welding every BPM has to be
welded individually. Feedthroughs of another type are used for the new BPM. The
feedthrough is not welded to the BPM but connected via a Conflat® flange. The
connection of the feedthrough inner contact to the electrode is made more flexible
than before. This is done using an intermediate piece working as a clamp. Using the
feedthrough with the Conflat® flanges makes possible an exchange of the
feedthrough, for instance if one is broken, on the BPM without removing it from the
beamline. This solution potentially can save a lot of time, especially in the case of a
superconducting accelerator. The total length of the BPM is 85 mm.
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Figure 4.15 Results of the measurements on the wire test bench. Comparison of the
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A CAD drawing of the BPM with a cutaway view is shown in Fig. 4.17. A
photograph of the “44 BPM together with the %4 BPM is presented in Fig. 4.18.

4.2.8 BPM offset

It might be surprising that the electrode length of the compact BPM is not exactly
YaA, which is 57.7 mm for 1.3 GHz. As a matter of fact the antenna length is 40 mm.
The reason for that is the following. As was already mentioned, different electrodes of
one BPM can be at a different distance from the mechanical center of the BPM. Note
it is much easier to bend the electrode in the radial direction than in the angular one;
this is illustrated in Fig. 4.19. So the electrodes Y+ and Y- could be displaced
vertically but not horizontally and the X+ and X- could be displaced mainly
horizontally. The displacement introduces certain offsets of the electrical BPM center
from the mechanical one. The electrical center of the BPM is defined as a point
equidistant from all four antennas. The RF cables connecting the BPM to the
electronics could also have slightly different lengths and as a consequence different
attenuations. This fact also adds to the offset. We would like to measure the offset and
to take it into account so that measuring the zero beam position we will know for sure
that the beam is in the mechanical center of the BPM. It does not solve the problem of
the absolute beam position measurements, since the mechanical center of the BPM is
aligned to other beamline elements also with an accuracy that is 100 um in order of
magnitude, but it does reduce the degree of uncertainty. Besides that, the absolute
position measurement by the BPMs is not required.

For the offset measurements the electrode length is made different from %A . One
can use the antennas not only to pick-up the beam signal, but also to inject some RF
power into the BPM. The horizontal displacement of the Y electrodes from the
mechanical center is negligible. Thus any of Y electrodes would be a very symmetric
RF source with respect to the vertical symmetry plane of the BPM. That isto say a Y
electrode excites a field in the BPM symmetric to the mechanical center. If the X
electrodes are equidistant from the mechanical center we will sense equal signals on
X+ and X- electrodes. Any radial displacement of the X electrodes will result in a
difference in the X+ and X- signals. So measurements of the Sy, parameters froma Y
electrode to the X+ and X- ones contain information about the horizontal
displacement of the electrical BPM center from the mechanical one. We would like to
do the S;; measurements at 1.3 GHz to take into account the RF cable differences and
to use our BPM electronics for the calibration. If the antennas’ length is (2n+1)A/4,
i.e., ¥ad or %A then the Sy; has a minimum at 1.3 GHz. For our very first BPM we
have built with a strip length of 173 mm (34 for 1.3 GHz) the measured S,; from Y
to X electrodes is plotted in Fig. 4.20. The frequency dependence of the S,; parameter
in the vicinity of 1.3 GHz is very steep. This would lead to a very large error in the
offset measurements. But as one can see the maximum of the function is very broad.
To make the offset measurements reliable one has to design the BPM in a way that the
electrodes have a good coupling to the 1.3 GHz component of the electron beam and
the S,; parameter measured from the Y electrodes to the X ones has its maximum in
vicinity of 1.3 GHz. For this reason the electrodes on our Y24 BPM are 40 mm long.
The Sy; parameter of the BPM is shown in Fig. 4.21. The spectrum of the beam
measured with the same BPM at the ELBE injector is shown in Fig. 4.22. The design
meets both requirements namely the response function of the BPM to the beam and
the Sy; have maxima near 1.3 GHz.
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Figure 4.17 CAD drawing of the Y44 BPM

Figure 4.18 Photograph of the %24 BPM and the %24 BPM

Further measurements with the beam have confirmed that there is no any significant
difference in the new BPM response at 1.3 GHz from the response of the %4 BPM
with 173 mm long electrodes. Afterwards it was decided to equip ELBE with the new
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compact BPMs. Up to now 20 BPMs with design shown in Fig. 4.17 were
manufactured and have been installed at ELBE. The BPMs are also used for the beam
current difference measurements as a part of the machine protection system [4.16].
The BPM detectors are only one part of the BPM system developed and installed at

ELBE. Another essential part is the BPM electronics which is described in the next
section.

define mechanical

: center of the BPM
electrical ‘
center - ; \
: N
,,,,,,,,,,,,,,,,,,,,,, té s }(4_ 2 ,,‘! s e s
Y-
; >
BPM corpus _

ideal position for
the electrodes

Figure 4.19 Difference between the mechanical center of the BPM from electrical one
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Figure 4.20 Measured S,; from Y to X for the %4 (175 mm) BPM

88



BPM system

CH1 s21 dB  MAG 10 dB/ REF O dB Vi: -21.85 dB
20 dB 500 MHz 1.2973975 GHz
4
Ol
1
g_,—/—'—\m

1o aas / \ I B

V 1ok

-80 dB
START 9 kHz 500 MHz/ STOP 3.070751013 GHz

Figure 4.21 Measured Sy; from Y to X for the %A (40 mm) BPM
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Figure 4.22 Beam spectrum measured with the ¥24 BPM at the ELBE injector
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4.3 BPM electronics

4.3.1 The structural design

In essence there are two different ways to build BPM electronics. These are
operation in the time domain and operation in the frequency domain. The BPM
electronics for ELBE is operating in the frequency domain. There are several reasons
for that. First of all, as equation 4.13 clearly shows, the signal-to-noise ration (SNR) is
a key parameter for the resolution of a BPM system. The noise power is proportional
to the measurement bandwidth. The beam signal has a discrete spectrum. This is why
choosing properly the central frequency and making the measurement bandwidth as
narrow as possible give a significant increase in the signal-to-noise ratio thus
improving the resolution. This is why the prime beam measurements with the BPM
were done in the frequency domain. The fundamental linac frequency of 1.3 GHz was
chosen as the BPM electronics operational frequency, since the beam spectrum has
the 1.3 GHz component at any bunch repetition rate.

The BPM electronics schematic is shown in Fig. 4.23. The core element of the BPM
electronics is the logarithmic detector AD8313 made by Analog Devices Inc. [4.17].
The AD8313 was introduced in early 1998. This is a direct RF to DC converter rated
up to 2.5 GHz originally intended for mobile communication technology. The
response of the logarithmic detector measured at 1.3 GHz is shown in Fig. 4.24. The
detector has an enormous linear dynamic range going from —65 dBm up to -5 dBm.
The dynamic range of 60 dB corresponds to a three orders of magnitude of beam
current. That means the BPM electronics based on the detector and designed for the
maximum beam current of 1 mA in will be still operational with a beam current of 1
1A in order of magnitude. The BPM electronics is placed outside of the accelerator
hall for radiation damage reasons. Long HELIAX® type RF cables connect the BPMs
to the electronics. The cables have attenuation in the range from 5 dB to 6 dB at 1.3
GHz. The inter-digital finger filter is placed in front of the BPM electronics. The filter
rejects all BPM signal components except the one at 1.3 GHz. The S;; parameter of
the filter is shown in Fig. 4.25. The filter has a 3 dB bandwidth of 10 MHz. This is the
10 MHz we used to calculate the possible BPM resolution in Section 4.2.6.

/i\ ID1300 VNA25 VNA25 ADS8313 AD783 LT1630  LT1630
BPM \ o | s ‘1 > | | |
- H o~ ~ o)
/ about 30 m 7= | = ‘ ‘ ‘
10 MHz 18 dB 18 dB 1,3 GHzto DC S&H offset  gain
\[/ 3dBBW  gain gain (Log. Amp.)

Figure 4.23 The BPM electronics schematic

The BPM signal needs some gain to be matched to the linear range of the
logarithmic amplifier. This is done with two constant gain MMIC amplifiers
(Monolithic Microwave Integrated Circuit) VNA-25 from Mini-Circuits [4.18].
According to the data sheet the amplifiers have a gain of 18 dB at 1.3 GHz and are
rated up to 2.5 GHz just like the logarithmic detector. There is a band-pass filter
between the amplifiers. Otherwise the second amplifier will amplify noise of the first
one. To demonstrate the function of the filter, the S,; parameter of this group is
measured once with the filter and once without one. Results of the measurements are
shown in Fig. 4.26. Thus the group of the amplifiers with the filter in between has a
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constant gain of 22 dB. The bandwidth of the filter defines the bandwidth of the group
and is about of 50 MHz.
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Figure 4.24 Characteristic of the AD8313 logarithmic detector measured at 1.3 GHz

The logarithmic detector is the border between the RF part of the electronics and the
DC part. The output of the logarithmic detector varies from 0.5 V to 1.5 V. The ADC
we use measures signals in the range +5V so the output of the log amp has to be
matched to the ADC range. It is done using two operational amplifiers. One of them is
responsible for the log amp output offset and the other one for its amplification. The
gain and the offset are adjustable so we can adjust different channels very precisely
making them almost equivalent.

The logarithmic detector has a bandwidth of about 10 MHz. With a bunch repetition
rate of 13 MHz the AD8313 provide a DC output which can be simply amplified and
sampled by an ADC. When the bunch repetition rate becomes less than a certain value
the logarithmic detector output shows the pulsed structure as well. Such a situation is
demonstrated in Fig. 4.27. A short pulse generator is used to simulate the beam signal.
The generator signal is shown on channel #1 of the oscilloscope. Output of the
ADB8313 evaluation board is connected to channel #3. On the upper oscillogram the
generator frequency is high enough to make the AD8313 output a DC signal. On the
lower oscillogram the generator frequency is reduced and is less than the logarithmic
detector bandwidth. As one can see in this case every pulse of the generator is
transformed by AD8313 into another broader pulse but not into a DC signal. In the
case of beam signal from the BPM the width of the logarithmic detector pulsed output
is defined by the band-pass filter bandwidth or in anther words by its quality factor.
The real signal has 100 ns of almost flat top. The ADC used for the data acquisition
has a sampling time of 400 ns. Obviously even with proper timing the ADC does not
have enough time to measure the signal correctly.
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Figure 4.25 The band-pass filter characteristic
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For that reason a sample and hold (S&H) amplifier is built in between the logarithmic
detector and the first trim gain operational amplifier. There is a logical trigger which
is derived from the bunch frequency and the macropulse signal to control the S&H.
Every BPM board has a delay line to compensate for a different arriving time of an
electron bunch to different BPMs. The accurate S&H timing allows holding the
maximum of the AD8313 signal providing enough time for the ADC sampling.
Certainly the ADC uses an external clock linked to the bunch frequency. The
sampling frequency of the ADC is constant and equals 101.5625 kHz.

4.3.2 BPM system accuracy

To measure the BPM accuracy one has to supply an “ideal beam”, in other words,
the beam used for such measurements has to have a stability much better than the
assumed accuracy. Otherwise one could not distinguish between the beam motion and
the electronics noise. All BPM electronics prototypes have demonstrated an accuracy
in the range between 10 um and 30 um. Since it is not easy to make a beam stable to
better than 10 um we have measured the BPM accuracy with the help of a stable RF
generator. For these measurements the generator was connected to the RF cables via a
two-way splitter, which normally connects two opposite BPM channels, for instance
X+ and X-, to the RF front end. Because of the band-pass filter the front end sees
only one 1.3 GHz component of the broadband BPM signal. Thus the generator
operating at 1.3 GHz was representing the ideal beam. The dependence of the 1.3
GHz component power of the BPM signal from the average beam current is known
very well. Thus, adjusting the generator power level, we could simulate different
currents of the beam. The BPM DAQ system was used in the measurements as well.
There is a LabVIEW application which uses data from the DAQ and calculates the
position of the electron beam as a function of time within the macropulse. These are
real time measurements of the “beam position” with a sampling rate of 101.5625 kHz.
The noise in the position signal is caused by the electronics noise only. Thus we know
which beam displacement corresponds to the electronics noise. The position signal
was measured for several milliseconds at different RF power levels of the generator.
For every measurement standard deviation from the mean a value was calculated. The
standard deviation is the accuracy of a single position measurement. Results of the
measurements are shown in Fig. 4.28. The measured accuracy is plotted together with
the one calculated for the BPM with the 10 MHz band-pass filter. There is a
difference because the BPM electronics introduces extra noise, i.e., the signal-to-noise
ratio actually gets worse.

4.3.3 Understanding the system accuracy

For a better understanding of the difference between the resolution provided by the
BPM itself and the entire BPM system some additional measurements were done. The
BPM electronics has two parts. These are the RF part and the DC part. A convenient
way to characterize the evolution of the signal-to-noise ratio in an RF technology is
the noise figure approach. By definition the noise figure of a network is the ratio of
the signal-to-noise power ratio at the input to the signal-to-noise power ratio at the
output of the network

F = Sin/Nin . (415)
Sout/Nout
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Figure 4.28 Accuracy of the beam position measurement

However, the value F is more often called “noise factor” or “noise figure in linear
terms”. So the name “noise figure” is reserved for the same quantity expressed in
decibels, that is

NF =10log(F). (4.16)
The noise factor of a multistage system is written as follows [4.19]
Fys =R+ It I it (4.17)

+ot—"—,
G GG, G,G,..G,
where F, and G; are noise factor and gain of a i stage respectively. The RF part of

the electronics can be considered as if it consists of groups. The first one is the long
RF cable with the band-pass filter connecting the BPM to the electronics. The second
one consists of two MMIC amplifiers with another band-pass filter in between. The
reason for such grouping is that the first group has no active gain and its noise factor
Is equal to its loss factor. The noise factor of the second group can be measured so
that there is no need to measure the noise factors and gains of every element. The
noise figure of the second group was measured with the help of a 2075 Noise-gain
Analyzer made by Advanced Electronics. The noise figure is measured to be 5.9 dB.
The loss factor of the cable with the band-pass filter is typically about 5 dB. Thus
using Eq. 4.17 we calculate the noise figure of the RF part of the BPM electronics
equal to 10.9 dB. As soon as the noise figure is found we know the signal-to-noise
ratio at the output of the RF stage of the electronics. The resolution with this signal-
to-noise ratio is calculated using Eq. 4.13 and is also shown in Fig. 4.28. As one can
see the noise figure of 10 dB defines the resolution of the BPM system for an average
beam current of up to 30 pA. Nevertheless, the noise figure of 10 dB of the RF part of
the electronics does not explain the system resolution at an average beam current of
more then 30 pA.
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Figure 4.29 Noise evolution in the DC part of the BPM electronics with different input

signal levels
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Figure 4.30 Long-term drift of the BPM electronics and the room temperature

Figure 4.31 Photograph of the BPM electronics board
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The DC part also introduces some extra noise. The level of the noise introduced by
the DC part depends on the input signal level and defines the BPM system resolution
at an average beam current of more than 30 pA. To track the noise evolution in the
DC part or in other words to see the contribution to the noise from every element
additional measurements were done in laboratory. The noise spectrum was measured
at three different points of the circuit with a spectrum analyzer using an active probe.
The measurement points are: the logarithmic amplifier output, the sample-and-hold
amplifier output and the trim gain operational amplifier output. The measurements
were done at three different levels of the input signal. The level of —30 dBm (black
spectra) corresponds to an average beam current of 1 mA. The levels of -60 dBm (red
spectra) and —80 dBm (blue spectra) correspond to a beam with average currents of 30
A and 3 pA, respectively. Positions of the measurement points as well as the
measurement results are shown in Fig. 4.29. One can make the following conclusions
from the measurements. The noise level of the logarithmic amplifier decreases when
the input signal increases, as expected. The sample-and-hold amplifier does not
introduce significant noise. Confirmation of this is that the spectrum measured at
point #2 is almost the same as the spectrum measured at point #1 regardless the input
level. The trim gain operational amplifiers amplify the noise as well as the signal. The
operational amplifiers modify the noise spectrum. That is explained by the
amplifiers’ bandwidth, which is in turn defined by the gain and GBP (gain bandwidth
product). Since the trim gain is needed anyway, the main conclusion is that the BPM
resolution for a beam current of more than 30 pA is predetermined by the logarithmic
amplifier noise. We would like to note here that an improvement of the noise figure of
the preamplifier stage will improve the BPM resolution only for a beam with an
average current less than 30 pA.

The accuracy of the position measurement is better than 100 um when the average
beam current exceeds 25 pA. Note that the resolution of 100 um was required and
generally the resolution is better than the accuracy. Another important point is that if
we are interested first in stable accelerator operation and second in measuring the
average position of a macropulse, then the accuracy and the resolution are better by a

factor of 1/v/N, where N is the number of measurements within the macropulse. If

the sampling rate of the BPM ADC is about 10 us and we measure the beam position,
for example, for 10 ms, which is the typical time in our case then we measure 1000
points and that improves the measurement accuracy by a factor of 30.

4.3.4 Long-term stability

Some measurements were done to investigate the long-term stability of the BPM
electronics. An RF generator with a four-way splitter was used as a stable source of
1.3 GHz signal. The position calculated by the BPM software from that signal was
measured for several days and logged. The measurement has identified a position
variation of about 200 um from the daytime to the night time. The idea proposed as
the reason for this variation is the room temperature change. In a second measurement
the position was measured and logged together with the room temperature. The
measurement shows a very good correlation between the position and the room
temperature. A temperature change of about 2 °C was measured. The result of the
measurement is plotted in Fig. 4.30. In the first measurement the BPM electronics, the
RF generator, and the BPM ADC were placed together in one room and there were
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still some questions open. The main one is: is it the BPM electronics drifting with
temperature or is it the ADC or is it the RF generator? In the next measurement the
RF generator was placed in a separate room where the temperature is stable. The
electronics and the ADC were left on the same place. The result of the measurement
was the same value of the position change correlated with the temperature. So the
generator was not drifting. In the last measurement the BPM electronics were placed
in the room with the RF generator to keep it at a stable temperature. The
measurements did not show any position drift, while the temperature in the room with
the ADC was still drifting. That means the ADC works stably as well as the RF
generator. Hence the reason for the measured position drift is the temperature
dependence of the BPM electronics. The correlation factors measured for the X plane
and the Y plane are —71.3 um/°C and -62.2 um/°C respectively. Probably an
additional temperature stabilization will be necessary for the BPM electronics serving
the BPMs around the FEL undulator.

Figure 4.31 shows a photograph of the BPM electronics board. There are four
channels on the board so that one such a board corresponds to a single BPM. The
cross-talk coefficient from one channel to another one on the board was measured to
be better than the isolation of the different antennas in the BPM, so that the
interference of the different chains is negligible.

4.4 Software of the BPM system

4.4.1 BPM data acquisition

One can split the BPM software in two main parts. The first one is the data
acquisition (DAQ) part. The second one is the operator interface. The software
schematic is depicted in Fig.4.32. The BPM software is completed in LabVIEW,
which is an object oriented graphic programming language.

BPM electronic
ADC in PXI
PAI 1
BRM 1-12 DAL compuker

elec,
BPM

DA
PRI2
BPM 13-24
el PCI brige
optical fiber

Figure 4.32 The BPM software schematic

computer 1 computer 2

Every BPM provides four broadband RF signals to the BPM electronics. The
electronics have an individual electrical chain for every BPM channel. Thus there are
four DC signals corresponding to a BPM. These signals are fed to an ADC. The DAQ
system consists of six DATEL® CPCI-510L boards in the CompactPCl standard with
16 ADC each. The total number of ADC channels in the BPM DAQ system is 96. The
resolution of the ADC is 12-bit. To reduce the RF cable length from the BPM to the
BPM electronics the electronics are placed in two different 19" chassis around the
accelerator outside the accelerator hall. Two PXI chassis with ADC are located near
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the BPM electronics. Both PXI chassis are connected to a DAQ computer via an
optical fiber using the so-called MXI-3 (Multisystem Extension Interface for PXI and
CompactPCl) interface. The distance between the DAQ computer and PIX module
can be very long without introducing extra noise in the measurement data even in high
noise environments. In fact all ADC boards work like one single PCI bus of the DAQ
computer. The advantages of the PCI bus are the high possible data transfer rate,
which can be practically up to ~130 MB/s and the relatively low cost. A chart
comparing different buses used for a data acquisition is shown in Fig. 4.33 [4.20]. The
ADC samples the BPM signals with a frequency of 101.5625 kHz, which is on one
hand a subharmonic of 13 MHz and on the other hand is the smallest possible
repetition rate. Thus the ADC sampling is always synchronized with the micropulse
repetition rate of the accelerator. The DAQ LabVIEW program accomplishes the next
functions: monitor if all ADCs are operating properly, configure ADCs, combine data
from ADCs after acquisition, and publish the measurement data on the network. A
screenshot of the BPM DAQ program in shown in the Fig. 4.34. The program gets
information about macropulse length and about the beam mode (CW or pulsed) from
the main ELBE control system to configure the ADCs. The total acquisition rate is
about 20 MB/s with a maximum acquisition time of about 40 ms. In Fig. 4.32 the
program is represented by the “BPM DAQ” element.
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Figure 4.33 Comparison of the different DAQ buses
4.4.2 Operator interface
The second part of the BPM software is the operator interface. This is a set of
programs which provide an accelerator operators with the information obtained from

the BPM measurements. The data exchange between the DAQ program and the
operator interface programs is realized using the DataSocket technology [4.21].
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Basically the data are transferred from the DAQ computer to any client computer over
a Local Area Network (LAN). This solution makes the system very flexible. The
number of computers using the BPM measurements is almost unlimited. It is also
possible to share the data over the Internet and to monitor the machine state as soon as
one has an Internet access. Once the format of the data published by DAQ is known
everyone can write his own application and use the measurement data.
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Figure 4.34 Screenshot of the BPM DAQ program
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Figure 4.35 Screenshot of the “BPM voltage™ program
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A set of such applications was written in LabVIEW for routine beam observation

during machine operation. First, the most simple program is used to display the raw
BPM data, namely the output voltage of the BPM electronics. That is just like a
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simple digital 96 channel oscilloscope. The application is very useful and used mostly
for setting of the BPM electronics, its tuning, debugging and troubleshooting. The
user interface of the program is shown in Fig. 4.35. The second of the programs
calculates and displays the beam position and intensity averaged over a macropulse,
or over 20 ms in the case of CW operation, for all BPMs simultaneously. A screen
shot of the program is shown in Fig. 4.36. One more program provides more detailed
information but only for a single BPM. This program shows the position of the beam
and the beam current as a function of time within a data acquisition. There is a
screenshot of the program in Fig. 4.37.

All the programs need some information in addition to the ADC data to calculate the
beam position and current. This is the calibration data. Every individual BPM
electronics board is calibrated together with the RF cables delivering signals from the
BPM to the electronics. The results of the calibrations of all boards are stored in one
single ASCI file on the BPM DAQ computer. The BPM users program reads the
calibration data during initialization. The BPM by itself, the long RF cables between
the BPM and the electronics, and the small difference of the electronics channels
introduce certain offsets in the position measurements. The offset is always the same
for a given set of BPM, its cables, and electronics. Let us call it a “permanent offset”.
The offset is measured and the data are also stored on the BPM DAQ computer. For
initialization the BPM user programs read the data as well. The optimal electron beam
trajectory does not go always through an electrical center of a BPM. Hence once the
optimal beam trajectory is found we still see a non-zero position of the beam in the
BPMs. There is a software option that makes monitoring easier and gives a good
reference for watching the actual beam trajectory. The optimal position of the beam
can be set to be zero by introducing an artificial offset in the beam position
calculation. Since the offset can be different we call it the “dynamical offset”. For
every optimal setting of the accelerator a set of the dynamical offsets is generated and
stored so that when we call another setting of the accelerator we also can call the
proper “dynamical offset” set. This option is also important for understanding the
machine reproducibility.

As was mentioned, the applications can be installed at any computer, that means at
the client station of the ELBE main control system (WinCC) as well. To prevent any
interference between the WinCC and a BPM application every application is tested in
the sense of CPU usage. The usage depends on the acquisition time length, but is not
more than 30 %. The test is performed on a standard WinCC client computer.

4.5 Conclusion

The system of stripline beam position monitors was developed for the ELBE
accelerator. The system makes possible a nondestructive time-resolved online
observation of the electron beam position. Using the BPM of the JLab FEL as a
starting point, a new compact BPM was developed. The technology of the BPM
manufacturing is very reliable as well as the BPM itself during its use at the
accelerator. At the present time 20 BPMs are manufactured, installed at the
accelerator, and operational. The BPM is also used by a separate system for beam
current measurements as a part of the machine protection system. The BPM
electronics based on a logarithmic amplifier was developed, manufactured and
operated at the accelerator. The software supporting the BPM system is made in
LabVIEW. All system requirements are met. The achieved resolution of the beam
position measurements is several times better than the required resolution of 100 pum.
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The work performed in the framework of the thesis and presented in this report
concentrated on the design of beam instrumentation and the electron beam parameter
measurements at the radiation source ELBE. The infrared FEL imposes strong
requirements on the electron beam quality, i.e., to such electron beam parameters as
transverse emittance, energy spread, bunch length, and peak current. Among the
applications of the electron beam at ELBE, the FEL is the most sensitive device to the
beam quality and to the beam parameters’ stability. Accurate and systematic beam
measurements are a necessary step in the FEL commissioning.

Two different techniques used to measure the transverse emittance at ELBE were
described. The emittance was measured in the ELBE injector where the beam energy
Is 250 keV and downstream of the accelerator module at a beam energy of about 12
MeV. It was demonstrated that there is no emittance growth during the beam
acceleration by the superconducting linac. At the design bunch charge of the FEL, 77
pC, the normalized RMS emittance is measured to be about 8 mmxmrad. An electron
beam with such an emittance will not cause any significant reduction of the FEL gain.
However, a better accuracy of the emittance measurements is extremely desirable.
The transverse emittance measurements at 77 pC bunch charge have a relative
accuracy approaching 40 %. Furthermore, the accuracy of the emittance
measurements at the low bunch charge, 1 pC in order of magnitude, is about 10 %.
The situation is explained as follows. The average beam current in the diagnostic
beam mode is limited for machine protection reasons. Hence, at low bunch charge one
may make the macropulse much longer than in the case of higher bunch charge.
Together with the nonlinearity of the combination of the Vidicon video camera and
the Chromox view screen this leads to a lower signal-to-noise ratio of the beam
profile measurements. Thus the SNR is much better in the case of low bunch charge.
The situation can be improved using another type of video camera and a view screen
made of a different material. CCD video cameras are approximately one order of
magnitude more sensitive than the Vidicon type cameras and could be used to
improve the emittance measurement accuracy. View screens made of YAG:Ce
(Yttrium Aluminum Garnet doped with Cerium) crystals are commercially available
now and have been successfully used for beam profile measurements. The YAG:Ce is
a very efficient scintillator and produces much more light than the Chromox (Al,O3
ceramic). Thus it can be also used to improve the SNR and to make the emittance
measurement accuracy better.

Results of the bunch length minimization in the ELBE injector using the stripline

BPM were presented. The measurements are in good agreement with the transverse
kicker cavity measurements. We have used the Martin-Puplett interferometer to
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measure the bunch length at an electron beam energy of 12 MeV. The method and the
experimental setup were described. The procedure for bunch length derivation from
the interferometric measurements was explained. The experimental data are in good
agreement with the bunch length predicted by PARMELA simulations. Thus at the
exit of the accelerating module #1 a bunch with a charge of 77 pC was measured to be
1.4 ps long. As the next steps of the FEL commissioning the magnetic bunch
compressor has to be put in operation and the bunch length has to be measured
downstream of the S shaped beam line in the vicinity of the FEL undulator. While the
Martin-Puplett interferometer is the most inexpensive way to measure the electron
bunch length in the picosecond range the method has also some disadvantages. First
of all to derive the bunch length from the measurement data a guess has to be made
about the longitudinal bunch shape. We have assumed that the bunch shape is a
Gaussian one. At the same time a Gaussian bunch shape is illogical for a linac beam,
since such beams are not in equilibrium. We also have to make a guess on a shape of
the low frequency cut-off function. However, the guess we did is explained well by
the diffraction loss on the Golay cell input window. One more disadvantage of the
method is that it does not work for a bunch length longer than 3 — 4 ps because of the
low frequency cut-off. To overcome the problem one could use a detector with a
bigger aperture. While measuring bunch length on a picosecond scale it is very
desirable to do a crosscheck measurements using a completely different method. The
electro-optical sampling has become to a very promising method of bunch length
measurements. A Ti:Sa oscillator with a pulse length of about 10 fs is available at
ELBE. Though there are several technical and physical problems to be solved, work
on the electro-optical bunch length measurements is in progress at ELBE and is
believed to be a good alternative to the Martin-Puplett interferometer measurements.

The system of stripline beam position monitors was developed for the ELBE
accelerator. The system makes possible a nondestructive time-resolved online
observation of the electron beam position. Using the BPM of the JLab FEL as a
starting point, a new compact BPM was developed. The technology for BPM
manufacturing is very reliable as well as the BPM itself during its use at the
accelerator. At the present time 20 BPMs have been manufactured and installed at the
accelerator, and are operational. The BPM is also used by a separate system for beam
current measurements as a part of the machine protection system. The BPM
electronics based on a logarithmic amplifier was developed, manufactured and
operated at the accelerator. The software supporting the BPM system is made using
LabVIEW. All system requirements are met. The achieved resolution of the beam
position measurements is several times better than the required resolution of 100 pm.
During experiments on a radiation physics beamline we discovered that there is a
beam mode which the BPM system does not support. A beam with an average current
of 10 nA is used to characterize the crystal producing the channeling radiation. Our
present BPM system starts to show beam position at an average current of about 3 — 6
tA depending on the RF cable length. The addition of two cavity BPMs would be a
good choice to upgrade the present BPM system so that a 10 nA beam could be
located. One of the cavities could be placed downstream from the chamber with the
radiating crystal while the second one could be placed upstream.
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