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Introduction: The ANKA storage ring

Circumference 110.4 m

frev = 2.715 MHz

fRF = 499.69 MHz

Energy 0.5 - 2.5 GeV (0.8 - 1.6 GeV 
during low-αc-mode)

RMS bunch length 45 ps (for 2.5 GeV), 
down to 1-2 ps (for 1.3 GeV)

Filling pattern: single- or multi-bunch
(min. bunch spacing 2 ns)
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Motivation for single-shot 
EO measurements at ANKA 
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44 4. Streak Camera Measurements
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Figure 4.7: Two sets of single-shot profiles recorded with the streak camera. The averaged pro-

files (averaged over 271 single shots) are shown as thick black lines. Left: Without

any optical filters in the beam path, to have maximum light intensity. Right: With

a 550 nm bandpass filter (40 nm width), which we normally use for measurements

to avoid dispersion. The counts for the images have been scaled by the same con-

stant factor to make to allow for the comparison of the intensities relative to each

other. Electron beam parameters: Fill 4855; beam current of 0.3mA; 23k steps; fs =

12.8 kHz; 300 kV / cavity. The spikes on the SC signal are caused by the low count

rate and can be attributed to Poisson noise rather than actual sub-structure on the

bunches. For better visibility, the profiles have been displaced in y-direction. Data

kindly post-processed by P. Schönfeldt.
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2.3. Microbunching Instabiliity 21

!"#$%"&$%'()$%(*++,-."&-$/0

$)(1'/.2%$&%$/(3"4-"&-$/
! 567(8%92:"2%0&";</;(=>?(((((((6"&%-@(1.2A/)B,4&(C D$E+"%-0$/($)(5-))B%B/&(*++%$".2B0(&$

5B&B%E-/B(&2B(F<%0&-/;(G2%B02$,4("&(*HI*

"#$%&'()*+,-.&$#/

! 6B%-$4-.-&'
$)(#<%0&0

! 5-))B%B/&(#<%0&-/;(
E$4B0

! 3BJ<-%B0()"0&(
4B&B.&$%

TH
z 

si
gn

al
TH

z 
si

gn
al

TH
z 

si
gn

al

50k turns = 18.4 ms
Figure 2.7: Measurements of the peak signal of the emitted CSR over 50k revolutions at ANKA

for different currents. Top: For a high beam current, the CSR is emitted in burst of

radiation with a periodicity in the order of 300Hz. Middle: For intermediate bunch

currents, the frequency of the CSR bursts seems to increase. Bottom: For a very low

bunch current, the signal seems to become dominated by white noise. Courtesy of V.

Judin, data published in [39].

performed for this thesis.

However, the measurement of the longitudinal phase space is not an easy task and espe-

cially the detection of any dynamic changes of the longitudinal bunch profile requires not

only a sup-ps resolution, but also single-shot measurements. The next Chapter will give

an overview over measurement techniques which allow us to detect the longitudinal bunch

shape in great detail.
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Intensity distribution of electron bunch is modulated 
onto laser pulse which is then analyzed.

Electro-optical sampling (EOS)

best S/N ratio for nearly crossed polarizer and analyzer angles

32 3. Techniques for Longitudinal Beam Diagnostics
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Figure 3.5: Left: Showing the laser intensity relative to the initial intensity versus the phase

retardation induced by the EO crystal. The different curves are for different angles

of the HWP. Right: Here the laser signal is shown relative to the signal at a phase

retardation of 0.

showing how the field induced intensity modulation of a laser can be used to actually

measure bunch lengths.

3.3.3 Electro-Optical Sampling (EOS)

A comparatively easy method to detect the laser intensity which is modulated by the

Coulomb field is achieved with electro-optical sampling (EOS). Its working principle is

illustrated in Fig. 3.6. The time dependence of the Coulomb field is sampled by a short

laser pulse for which the delay with respect to the electron bunch is changed step-wise. A

fast photodiode (PD) can then be used to measure the peak signal in dependence of the

delay.
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Figure 3.6: Illustration showing the working principle of EOS with a near-crossed polarizer setup.
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Long-Range Wake-Fields
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Long-Range Wake-Fields
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140 7. Beam Studies with Longitudinal Diagnostics at ANKA
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Figure 7.15: Top: Two EOS scans over a time range of 3 ns. For the first one, only one bunch

was filled, but for the second one, two consecutive bunches were filled (2 ns bunch

spacing at ANKA). The modulations have been normalized to the corresponding

bunch currents which have been obtained by TCSPC measurements. For the first

data set this is 98.4% of the total current and for the second data set this is 53.1%

of the total current and the total currents were measured for every data point

separately. It can clearly be seen that at a delay of 2000 ps (where a second bunch

would be), the measured electric field of the trailing wake-fields is non-zero. Bottom:

Comparison of the signals from the first and second bunch for which the data of

the second bunch has been normalized by the bunch current of the second bunch

(45.8%) and shifted in time, to overlap with that of the first bunch. In addition

to that, the signal from the fill with just one bunch is also shown again. To give a

feeling for the noise level, sticks with a length of 2-σ are shown next to the legend.

The signals for the 1st bunch and for 1 bunch look nearly identical apart from the

noise level, of the 1st bunch being higher because its absolute current was lower (we

normalize by the current), but the signal of the 2nd bunch is clearly higher than

what would be expected from its bunch current.
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Spectral modulation
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6.2. Characterization of Electro-Optical Spectral Decoding (EOSD) Measurements 79
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Figure 6.9: Each image shows 3 background subtracted modulated spectra and an averaged un-

modulated spectrum. Top: 2013-04-11 with longer laser pulses (compressor: 15mm)

Middle & Bottom: 2013-05-08 with slightly shorter laser pulses (compressor: 25mm).

Rev: 90 (88) 2013-10-30 18:06

80 6. Systematic Studies with the EO Setup at ANKA
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Figure 6.10: Relative spectrum modulations for 3 shots for different data sets. The off-set in

relative modulation caused by fluctuations of the total intensity of the modulated

spectra is strongly visible for Shots 2 and 999. Top: 2013-04-11 with longer laser

pulses (compressor: 15mm) Middle & Bottom: 2013-05-08 with slightly shorter

laser pulses (compressor: 25mm).
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Intensity correction
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82 6. Systematic Studies with the EO Setup at ANKA
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Figure 6.11: Example for an intensity correction. Top: Relative modulation raw data for 100

consecutive shots showing intensity fluctuations. Middle: Showing the fitted base-

line level of the above data sets. Bottom: Intensity corrected relative modulations

for which the baseline -1 has been subtracted.
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Phase Calibration
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3.3. Electro-Optical Techniques 29

3.3.1 The Pockels Effect & Phase Modulation

An EO effect describes the change in optical properties of a material in response to an

external electric field. In the special case of EO bunch length measurements, we are inter-

ested in a change in refractive index which is linearly proportional to the external electric

field - the Pockels effect. A more detailed mathematical description of the Pockels effect

has been moved to the Appendix A, here just a brief description of the effect without any

derivations is given.

The Pockels effect generates a birefringence inside an electro-optically active crystal mate-

rial - in our case gallium phosphide (GaP). Without the presence of an electric field, GaP

is isotropic, this means that the index of refraction n0 does not depend upon direction

of propagation. But when an electric field is present, the refractive indices n along two

of the crystal axes will become a function of the electric field. One of them will increase

and the other one will decrease. They are referred to as the “slow”-axis with the refractive

index ns and the “fast”-axis with nf . The induced difference in refractive index is directly

proportional to the electric field.

The electric field which induces the modulation can be either the Coulomb field (near-field,

see Chapter 2.2.1) or the field of the CSR (far-field, see Chapter 2.2.2).

For near-field EO bunch length measurements, the crystal has to be brought inside the

UHV system of the electron beam pipe. Here the distance between the electron beam and

crystal is only a few millimeters.

For the far-field variant, CSR - e. g. at a beamline - supplies the modulating field when

it is focused and sent directly through the crystal.

The EO bunch length measurements carried out for this work have all been performed in

the near-field, which had never been done before at any synchrotron storage ring. But it

should be mentioned that the first far-field measurements using CSR at a storage ring had

also been carried out at ANKA, in 2009 [47].

To probe the field induced birefringence, a laser pulse is sent through the crystal at the

same time as the modulating field. Because the response of the Pockels effect is very

prompt, the temporal profile of electric field will be modulated onto the phase of the laser

pulse, which will, in turn, result in a phase retardation of the laser pulse.

In the Appendix A it is shown that the phase modulation (phase retardation) Γ, which

the laser pulse undergoes is directly proportional to the modulating electric field E.

Γ =
ωd

c
n3
0r41E. (3.1)

Here ω is the laser frequency (not the repetition rate), d the thickness of the crystal and r41

the Pockels coefficient of GaP. However, for this equation to hold, certain criteria concern-

ing the crystal orientation and the directions of propagation and polarizations of the laser

pulse and the modulating field need to be fulfilled. Figure 3.3 illustrates this alignment.

The electric fields travel through the crystal perpendicular to the (110)-plane along which
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86 6. Systematic Studies with the EO Setup at ANKA
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Figure 6.13: Top: Showing the spectrum modulation relative to the one for an HWP angle of

4.6
◦
in dependence of phase retardation relative to 4.6

◦
for selected pixels within

the analysis range (pixel 170 to 310). 1
◦
in change of HWP angle gives 4

◦
of phase

retardation. The curves are fits to the data points following equation 6.3. Bottom:

Showing the phase retardation computed from the calibration measurement for dif-

ferent HWP angles (see text for more details about the calibration measurement).

For a perfect calibration one would expect horizontal lines with their y-values being

4 times the difference between the HWP angle and the reference angle of 4.6
◦
(e. g.

0
◦
phase retardation for an angle of 4.6

◦
and -10

◦
for an angle of 2.1

◦
).
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3.3. Electro-Optical Techniques 29

3.3.1 The Pockels Effect & Phase Modulation

An EO effect describes the change in optical properties of a material in response to an

external electric field. In the special case of EO bunch length measurements, we are inter-

ested in a change in refractive index which is linearly proportional to the external electric

field - the Pockels effect. A more detailed mathematical description of the Pockels effect

has been moved to the Appendix A, here just a brief description of the effect without any

derivations is given.

The Pockels effect generates a birefringence inside an electro-optically active crystal mate-

rial - in our case gallium phosphide (GaP). Without the presence of an electric field, GaP

is isotropic, this means that the index of refraction n0 does not depend upon direction

of propagation. But when an electric field is present, the refractive indices n along two

of the crystal axes will become a function of the electric field. One of them will increase

and the other one will decrease. They are referred to as the “slow”-axis with the refractive

index ns and the “fast”-axis with nf . The induced difference in refractive index is directly

proportional to the electric field.

The electric field which induces the modulation can be either the Coulomb field (near-field,

see Chapter 2.2.1) or the field of the CSR (far-field, see Chapter 2.2.2).

For near-field EO bunch length measurements, the crystal has to be brought inside the

UHV system of the electron beam pipe. Here the distance between the electron beam and

crystal is only a few millimeters.

For the far-field variant, CSR - e. g. at a beamline - supplies the modulating field when

it is focused and sent directly through the crystal.

The EO bunch length measurements carried out for this work have all been performed in

the near-field, which had never been done before at any synchrotron storage ring. But it

should be mentioned that the first far-field measurements using CSR at a storage ring had

also been carried out at ANKA, in 2009 [47].

To probe the field induced birefringence, a laser pulse is sent through the crystal at the

same time as the modulating field. Because the response of the Pockels effect is very

prompt, the temporal profile of electric field will be modulated onto the phase of the laser

pulse, which will, in turn, result in a phase retardation of the laser pulse.

In the Appendix A it is shown that the phase modulation (phase retardation) Γ, which

the laser pulse undergoes is directly proportional to the modulating electric field E.

Γ =
ωd

c
n3
0r41E. (3.1)

Here ω is the laser frequency (not the repetition rate), d the thickness of the crystal and r41

the Pockels coefficient of GaP. However, for this equation to hold, certain criteria concern-

ing the crystal orientation and the directions of propagation and polarizations of the laser

pulse and the modulating field need to be fulfilled. Figure 3.3 illustrates this alignment.

The electric fields travel through the crystal perpendicular to the (110)-plane along which
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6.2. Characterization of Electro-Optical Spectral Decoding (EOSD) Measurements 101

which our time window starts, but the orientation of the time axis within our time window

always stays the same.

Lets imagine we are doing an EOS scan in one direction of time, e. g. we start at a large

delay this means that the laser comes a long time after the electron bunch, so while we

decrease the delay we will first see all the trailing wake-fields, then the tail of the bunch

and then the head of the bunch. Now imagine we are reversing the direction of the scan,

starting at smaller delays, we would first see the head of the bunch, then the center of

the bunch, then the tail and then the trailing wake-fields and so on. Doing the same with

EOSD would of course have the same effect, but not alter the fact that within our EOSD

time window, we always see the head of the bunch first, as we cannot reverse the time

axis, the laser pulse is dictating us, we can only change its delay.

Figure 6.26 shows the averaged phase retardations recorded during such a time calibration

measurement.
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Figure 6.26: Showing averaged phase retardation profiles (Top: 50 shot average, Bottom: 20

shot average) for different time delays recorded during two different time calibration

measurements with different laser pulse lengths (Top: Data A with slightly longer

laser pulses and a current of 0.6mA, Bottom: Data I with shorter laser pulses and

a current of 0.96mA, see Tab. 6.1 for a detailed list of parameters).
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which our time window starts, but the orientation of the time axis within our time window

always stays the same.

Lets imagine we are doing an EOS scan in one direction of time, e. g. we start at a large

delay this means that the laser comes a long time after the electron bunch, so while we

decrease the delay we will first see all the trailing wake-fields, then the tail of the bunch

and then the head of the bunch. Now imagine we are reversing the direction of the scan,

starting at smaller delays, we would first see the head of the bunch, then the center of

the bunch, then the tail and then the trailing wake-fields and so on. Doing the same with

EOSD would of course have the same effect, but not alter the fact that within our EOSD

time window, we always see the head of the bunch first, as we cannot reverse the time

axis, the laser pulse is dictating us, we can only change its delay.

Figure 6.26 shows the averaged phase retardations recorded during such a time calibration

measurement.
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Figure 6.26: Showing averaged phase retardation profiles (Top: 50 shot average, Bottom: 20

shot average) for different time delays recorded during two different time calibration

measurements with different laser pulse lengths (Top: Data A with slightly longer

laser pulses and a current of 0.6mA, Bottom: Data I with shorter laser pulses and

a current of 0.96mA, see Tab. 6.1 for a detailed list of parameters).
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Comparing those results to the amplitudes for real measurements like in Fig. 6.17, one

already sees by plain eye that the decrease in amplitude over the pixel range seems to be

larger for real data. Which had already been hinted in the discussion of Fig. 6.19 earlier

on. Figure 6.21 shows the fit amplitudes for fits to the phase retardation profiles relative

to the amplitudes around pixel 230 over the centroid position (also retrieved from those

fits). Even though there are some variations for the different measurements, the general

behavior seems to be the same for all 11 data sets: Between pixels 200 and 230 there is

a small plateau of constant amplitude and when ignoring this region the expected nearly

linear behavior is observed.
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Figure 6.21: Amplitude of the fits to the phase retardation profiles over the centroid pixel (also

obtained from the fits). The amplitude is shown relative to the value for pixel 230

for the different data sets. A list of all laser and measurement parameters for the

different data sets can be found in Tab. 6.1. The drop in amplitude seems to be

mostly independent of laser and beam parameters, but is stronger then predicted

from the laser wavelength (see dashed line corresponding to data in Fig. 6.20). A

plateau can be seen between pixels 200 and 230 for all data sets, ignoring these areas

the behavior is rather linear as expected from theory.

Further simulations have then been performed modulating the amplitude of the Gaussian

phase retardation profiles with the polynomial fit of forth degree from Fig. 6.21, to see

if this effect can explain the change in measured bunch length. Figure 6.22 shows the

simulated Gaussian phase retardation profiles (width 20 pixels) with the new amplitude

modulation. They now look more like the ones from the real measurement shown in the

left of Fig. 6.17, but because the dip in the measured profiles around pixel 205 is much

shorter than the length of the profiles, it cannot be reproduced with this approach. In the

bottom of Fig. 6.22 the results of the fits to retrieve the bunch length are shown relative

to the expected width from the Gaussian distributions. To see the influence of the profile

width more clearly, an additional simulation set for a smaller width with just 10 pixels has

also been added. For a shorter width the effect is not as pronounced and only affects the
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3.3.1 The Pockels Effect & Phase Modulation

An EO effect describes the change in optical properties of a material in response to an

external electric field. In the special case of EO bunch length measurements, we are inter-

ested in a change in refractive index which is linearly proportional to the external electric

field - the Pockels effect. A more detailed mathematical description of the Pockels effect

has been moved to the Appendix A, here just a brief description of the effect without any

derivations is given.

The Pockels effect generates a birefringence inside an electro-optically active crystal mate-

rial - in our case gallium phosphide (GaP). Without the presence of an electric field, GaP

is isotropic, this means that the index of refraction n0 does not depend upon direction

of propagation. But when an electric field is present, the refractive indices n along two

of the crystal axes will become a function of the electric field. One of them will increase

and the other one will decrease. They are referred to as the “slow”-axis with the refractive

index ns and the “fast”-axis with nf . The induced difference in refractive index is directly

proportional to the electric field.

The electric field which induces the modulation can be either the Coulomb field (near-field,

see Chapter 2.2.1) or the field of the CSR (far-field, see Chapter 2.2.2).

For near-field EO bunch length measurements, the crystal has to be brought inside the

UHV system of the electron beam pipe. Here the distance between the electron beam and

crystal is only a few millimeters.

For the far-field variant, CSR - e. g. at a beamline - supplies the modulating field when

it is focused and sent directly through the crystal.

The EO bunch length measurements carried out for this work have all been performed in

the near-field, which had never been done before at any synchrotron storage ring. But it

should be mentioned that the first far-field measurements using CSR at a storage ring had

also been carried out at ANKA, in 2009 [47].

To probe the field induced birefringence, a laser pulse is sent through the crystal at the

same time as the modulating field. Because the response of the Pockels effect is very

prompt, the temporal profile of electric field will be modulated onto the phase of the laser

pulse, which will, in turn, result in a phase retardation of the laser pulse.

In the Appendix A it is shown that the phase modulation (phase retardation) Γ, which

the laser pulse undergoes is directly proportional to the modulating electric field E.

Γ =
ωd

c
n3
0r41E. (3.1)

Here ω is the laser frequency (not the repetition rate), d the thickness of the crystal and r41

the Pockels coefficient of GaP. However, for this equation to hold, certain criteria concern-

ing the crystal orientation and the directions of propagation and polarizations of the laser

pulse and the modulating field need to be fulfilled. Figure 3.3 illustrates this alignment.

The electric fields travel through the crystal perpendicular to the (110)-plane along which
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which our time window starts, but the orientation of the time axis within our time window

always stays the same.

Lets imagine we are doing an EOS scan in one direction of time, e. g. we start at a large

delay this means that the laser comes a long time after the electron bunch, so while we

decrease the delay we will first see all the trailing wake-fields, then the tail of the bunch

and then the head of the bunch. Now imagine we are reversing the direction of the scan,

starting at smaller delays, we would first see the head of the bunch, then the center of

the bunch, then the tail and then the trailing wake-fields and so on. Doing the same with

EOSD would of course have the same effect, but not alter the fact that within our EOSD

time window, we always see the head of the bunch first, as we cannot reverse the time

axis, the laser pulse is dictating us, we can only change its delay.

Figure 6.26 shows the averaged phase retardations recorded during such a time calibration

measurement.
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Figure 6.26: Showing averaged phase retardation profiles (Top: 50 shot average, Bottom: 20

shot average) for different time delays recorded during two different time calibration

measurements with different laser pulse lengths (Top: Data A with slightly longer

laser pulses and a current of 0.6mA, Bottom: Data I with shorter laser pulses and

a current of 0.96mA, see Tab. 6.1 for a detailed list of parameters).
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which our time window starts, but the orientation of the time axis within our time window

always stays the same.

Lets imagine we are doing an EOS scan in one direction of time, e. g. we start at a large

delay this means that the laser comes a long time after the electron bunch, so while we

decrease the delay we will first see all the trailing wake-fields, then the tail of the bunch

and then the head of the bunch. Now imagine we are reversing the direction of the scan,

starting at smaller delays, we would first see the head of the bunch, then the center of

the bunch, then the tail and then the trailing wake-fields and so on. Doing the same with

EOSD would of course have the same effect, but not alter the fact that within our EOSD

time window, we always see the head of the bunch first, as we cannot reverse the time

axis, the laser pulse is dictating us, we can only change its delay.

Figure 6.26 shows the averaged phase retardations recorded during such a time calibration

measurement.
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Figure 6.26: Showing averaged phase retardation profiles (Top: 50 shot average, Bottom: 20

shot average) for different time delays recorded during two different time calibration

measurements with different laser pulse lengths (Top: Data A with slightly longer

laser pulses and a current of 0.6mA, Bottom: Data I with shorter laser pulses and

a current of 0.96mA, see Tab. 6.1 for a detailed list of parameters).
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Figure 6.28: Single-shot EOSD measurements. For all data sets: The head of the bunch is in

the left (for lower times). Left: Showing 11 single shot EOSD measurements for a

very low bunch current of just 0.08mA (28 pC). For better visibility, the different

profiles have been shifted in y-direction. Their average bunch length was found to be

(3.31 ± 0.45 ± 0.24) ps (RMS) with the first uncertainty coming from the statistical

fluctuations of fits to the 11 shots and the second uncertainty coming from the

fluctuation of the time calibration measurements for this fill. The measurement

was recorded during Fill 4623 (see Tab. 6.1 for measurement parameters). Right:

Measurement recorded during the same fill but for a higher bunch current of 1.13mA

(418 pC), for better comparison of the total amplitude one curve from the lhs is

shown again with a dotted line. The 11 shots have a bunch length of (9.11 ± 0.57

± 0.24) ps.
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Figure 6.29: Three of the single shot EOSD profiles from the right of Fig. 6.28 compared to 3

profiles of single images of the SC (1 image covers a time of 1ms). The SC profiles

have been scaled in Y-direction to match the amplitude of the EOSD profiles which

in turn have been aligned (not scaled) in X-direction. For better visibility, the error

bands are not shown.
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Figure 6.30: Comparing an arrival time corrected averaged EOSD profile (averaged over all 1000

shots) compared to an averaged profile (averaged over 100 images, each spanning

1ms) recorded with the SC at the same time. The SC profile has been scaled in

Y-direction to match the amplitude of the EOSD profile which in turn has been

aligned (not scaled) in X-direction. For better visibility, the error bands are not

shown. The averaged profiles seem to have slight systematic differences, the SC

profile leans forward more than the averaged EOSD profile.
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Figure 7.9: Bunch profiles for for different machine parameters. The curves have been displaced

vertically for better visibility. a) Streak camera profiles for single images (Courtesy of

P. Schönfeldt). b) Single-shot EOSD profiles recorded around the same time. Beam

parameters for a) and b): Fully compressed beam (Fill 4623; 450 kV / cavity; 27k

steps, fs = 7.7 kHz) with 1.13mA (418 pC) bunch current, average bunch length

8.79 ± 0.63 ps. c) Single-shot EOSD profiles for a slightly compressed beam (Fill

4627; 180 kV / cavity; 23k steps, fs = 8.3 kHz) with 1.14mA (422 pC) bunch current,

average bunch length 13.56 ± 1.26 ps. d) Single-shot EOSD profiles for a heavily

compressed beam (Fill 4656; 450 kV / cavity; 25.3k steps, fs = 10.4 kHz) with a high

beam current of 1.75mA (648 pC), average bunch length 7.97 ± 0.81 ps. e) Computed

form factors for the EOSD profiles (Courtesy of M. Schwarz).
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Figure 7.14: Current and distance normalized relative modulations for different machine param-

eters. The currents have been measured for every data point. Additionally, the

different data sets are scaled according to Eq. 7.1 to take into account the different

crystal and orbit positions, although this effect is rather small, leading to less than

6% difference in scaling for the different data sets. The two data sets for an RF

voltage of 180 kV / cavity show a smaller amplitude and the peaks are wider for

the bunches that are 20.8 ps long.
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Figure 6.1: Showing three different displays of EOS traces recorded with our initial wave plate

settings in February 2013 and traces recorded for optimized wave plate settings from

March 2013. Top: Absolute peak signals of the PD. Middle: Current normalized

modulation - peak signal of the PD divided by the the unmodulated signal (average

of signal before the first peak) and the beam current (current measured for every

measurement point). Bottom: Peak normalized modulation - relative modulation

normalized to the intensity of the first peak. For all measurements: Identical elec-

tron beam parameters: 1.3GeV, fs =13 kHz, 450 kV RF voltage per cavity. Feb

2013: 4◦ HWP angle; 5.3mm crystal distance, 2.95mA beam current. March 2013:

5.6mm crystal distance, 4.6◦HWP angle, QWP rotated by 6◦ in comparison to the

old settings, 2.34mA beam current.
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Figure 7.13: Top: Current normalized relative modulations for different distances of the crystal

from the center of the beam pipe, which has a full standard height of 32 mm. The

measurements were done for an unsqueezed electron beam at 1.3GeV and an RF

voltage of 180 kV / cavity and a bunch length of about 20 ps. The laser repetition

rate was 0.9 MHz. Middle: Same measurement as above for slightly different dis-

tances, a squeezed beam (23k steps, fs =13.0 kHz) and a higher RF voltage of 450

kV / cavity. For these settings, the bunch length was around 11 ps. The laser rep-

etition rate was 2.7 MHz. The higher noise level most likely comes from the lower

current. Both measurements show that the main peak is strongly influenced by

change in distance, but the peak at 660 ps seems to be nearly unaffected. Bottom:

Showing the peak amplitude of the first peak (obtained by a fit) in dependence of

the distance, with (x − a)−1
curve fits. The error bars show the standard devia-

tions of the data points obtained from measuring the fluctuation of the background

signals.
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Figure 7.11: Showing 5 sets of 11 consecutive single-shot EOSD bunch profiles for different cur-

rents recorded during the heavily compressed Fill 4656. The curves have been

displaced vertically for better visibility. The beam parameters are the following:

450 kV / cavity; 25.3k steps, fs = 10.4 kHz.
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Figure 6.12: Top: Showing background subtracted laser spectra for different angles of the HWP

in degrees, where 0
◦
has been chosen to be the angle for minimum transmission.

Bottom: Displaying the spectrum modulations relative to the one for an HWP angle

of 4.6
◦
. If the HWP had no wavelength dependence, then this would be horizontal,

parallel lines with a constant relative modulation for each angle.

The top of Fig. 6.13 shows the data points with the corresponding fits for every 20th

pixel. The behavior for lower pixel numbers is more linear and has a smaller slope, as one

would expect for larger crossing angles in the near-crossed polarizer setup (compare with

Fig. 3.5 on p. 32).

In contrast to this stand the results for larger pixel numbers for which the cosine behavior

is clearly visible as one would expect for smaller crossing angles.

With the results from the fits, the phase retardations of the initial relative modulation

measurements in Fig. 6.12 (bottom) have been calculated and are shown in the bottom of

Fig. 6.13. The different measurements at 4.6
◦
show small off-sets which can be most likely

explained by a slight backlash when changing the direction of rotation of the HWP. The

scans where done in an order such that the starting position was 4.6
◦
, then we would move

step-wise to 7.1
◦
, then go back to 4.6

◦
and then move step-wise to 2.1

◦
and then finally
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Figure 6.13: Top: Showing the spectrum modulation relative to the one for an HWP angle of

4.6
◦
in dependence of phase retardation relative to 4.6

◦
for selected pixels within

the analysis range (pixel 170 to 310). 1
◦
in change of HWP angle gives 4

◦
of phase

retardation. The curves are fits to the data points following equation 6.3. Bottom:

Showing the phase retardation computed from the calibration measurement for dif-

ferent HWP angles (see text for more details about the calibration measurement).

For a perfect calibration one would expect horizontal lines with their y-values being

4 times the difference between the HWP angle and the reference angle of 4.6
◦
(e. g.

0
◦
phase retardation for an angle of 4.6

◦
and -10

◦
for an angle of 2.1

◦
).
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Figure 3.4: Near crossed polarizer scheme. The laser first goes through a polarizer to ensure its

linear polarization when it passes the subsequent EO crystal. The modulated laser

pulse then passes a quarter-wave plate (QWP) to correct for any intrinsic birefrin-

gence of the crystal and then a half-wave plate (HWP) which can rotate the direction

of polarization to adjust the intensity that passes through the following polarizer

which is in crossed position with respect to the first polarizer. While the orientations

of the polarizers and the EO crystal are fixed, the QWP and HWP can be rotated to

adapt the setup.

The half-wave plate (HWP) is then used to rotate the polarization by a small angle with

respect to the crossed polarizer.

The detectable laser intensity at the end of the setup can be calculated using Jones calculus

(see e. g. [48]). For Jones calculus, the optical components are represented by transfor-

mation matrices. The matrices for the different optical components are simply multiplied

to obtain a transformation matrix for the whole optical setup. The calculations for the

near crossed polarizer setup as we use it at ANKA are shown in detail in [27], here just

the result is presented.

Ifinal =
1

2
Ilaser (1− cos (Γ− 4Θ)) (3.2)

Where Ifinal is the laser intensity at the end of the setup and Ilaser the intensity at the

start of the setup. Γ is the phase retardation from Eq. 3.1 and Θ the angle of the HWP,

where an angle of 0 would result in maximum signal suppression through the optical setup.

The angle of the QWP is assumed to be 0, which would leave the beam unaltered in the

absence of any external influences.

Figure 3.5 illustrates the behavior of the detected laser intensity in dependence of Γ for

fixed angles of Θ. While for lower angles of Θ, the absolute laser signal is lower (left of

Fig. 3.5), the change in signal relative to the signal without any modulation (relative

modulation) is rather large, but the cosine behavior shows strongly (right of Fig. 3.5).

And vice versa, for higher Θ, the absolute signal increases, but the change in relative

modulation becomes smaller, but also more linear. The final choice of angle is determined

experimentally according to the dynamic ranges of the detectors. An angle Θ of about 5◦

has proven to be most suitable for our setup and its detectors, but the details of this will

be discussed in Chapters 6.1.3 and 6.2.3.2.

So far we have not yet looked at the time dependence of the modulating electric field. It was

shown in Chapter 2.2.1 that the temporal profile of the Coulomb field of a relativistic line

charge represents the line charge density. So by measuring the time dependent Coulomb

field, we can measure the longitudinal bunch profile.

The following two sections go into detail of the detection methods of EOS and EOSD,
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3.3.1 The Pockels Effect & Phase Modulation

An EO effect describes the change in optical properties of a material in response to an

external electric field. In the special case of EO bunch length measurements, we are inter-

ested in a change in refractive index which is linearly proportional to the external electric

field - the Pockels effect. A more detailed mathematical description of the Pockels effect

has been moved to the Appendix A, here just a brief description of the effect without any

derivations is given.

The Pockels effect generates a birefringence inside an electro-optically active crystal mate-

rial - in our case gallium phosphide (GaP). Without the presence of an electric field, GaP

is isotropic, this means that the index of refraction n0 does not depend upon direction

of propagation. But when an electric field is present, the refractive indices n along two

of the crystal axes will become a function of the electric field. One of them will increase

and the other one will decrease. They are referred to as the “slow”-axis with the refractive

index ns and the “fast”-axis with nf . The induced difference in refractive index is directly

proportional to the electric field.

The electric field which induces the modulation can be either the Coulomb field (near-field,

see Chapter 2.2.1) or the field of the CSR (far-field, see Chapter 2.2.2).

For near-field EO bunch length measurements, the crystal has to be brought inside the

UHV system of the electron beam pipe. Here the distance between the electron beam and

crystal is only a few millimeters.

For the far-field variant, CSR - e. g. at a beamline - supplies the modulating field when

it is focused and sent directly through the crystal.

The EO bunch length measurements carried out for this work have all been performed in

the near-field, which had never been done before at any synchrotron storage ring. But it

should be mentioned that the first far-field measurements using CSR at a storage ring had

also been carried out at ANKA, in 2009 [47].

To probe the field induced birefringence, a laser pulse is sent through the crystal at the

same time as the modulating field. Because the response of the Pockels effect is very

prompt, the temporal profile of electric field will be modulated onto the phase of the laser

pulse, which will, in turn, result in a phase retardation of the laser pulse.

In the Appendix A it is shown that the phase modulation (phase retardation) Γ, which

the laser pulse undergoes is directly proportional to the modulating electric field E.

Γ =
ωd

c
n3
0r41E. (3.1)

Here ω is the laser frequency (not the repetition rate), d the thickness of the crystal and r41

the Pockels coefficient of GaP. However, for this equation to hold, certain criteria concern-

ing the crystal orientation and the directions of propagation and polarizations of the laser

pulse and the modulating field need to be fulfilled. Figure 3.3 illustrates this alignment.

The electric fields travel through the crystal perpendicular to the (110)-plane along which
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Figure 6.7: Depicting two averaged unmodulated spectra for different laser pulse lengths. In

addition to that as second Y-axes the standard deviations divided by the averaged

counts are shown for every pixel within the analysis range from pixel 170 to 310. Top:

Longer laser pulses (compressor: 15mm) recorded on 2013-04-11.Bottom: Slightly

shorter laser pulses (compressor: 25mm) recorded on 2013-05-08.
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Figure 5.15: Top: Plot showing an averaged spectrum (100 shots) of an amplified, mode-locked

pulse which passes through the EO-Monitor and is then detected by the spectrometer

and the very narrow spectrum of non-amplified CW radiation (coming directly from

the laser oscillator) for which the pump power of the laser was tuned down so much

that it would not start mode-locking and not saturate the detector. The FWHM

of the CW-pulse is 9 pixels which is taken to be the resolution of the spectrometer.

Bottom: CW radiation recorded with an OSA showing that it consists of two very

narrow band lines.
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142 7. Beam Studies with Longitudinal Diagnostics at ANKA

7.4 Influences of the Cavity Cooling Loop on the Bunch

Arrival Time
During one measurement shift with EOSD, we observed sinusoidal changes in the bunch

arrival time in the order of nearly 10 ps peak-to-peak with a period length in the order of

5minutes. These arrival time fluctuations could be correlated to changes in the readback

voltage and the reflected power from Cavity 2 in sector 4, which seemed to be having

problems with its cooling loop regulation during that day. During this measurement EOSD

has proven to be a very sensitive bunch arrival monitoring tool for machine diagnostics.
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Figure 7.17: During a long 3000 shot EOSD sequence (about 400 s long) a drift in arrival time in

the order of 5 ps was observed. The change in arrival time of the EOSD data can be

correlated to the readback value of the voltage and the reflected power of Cavity 2

in Sector 4, which seemed to have extraordinary drifts during this measurement. a)

3000 consecutive EOSD bunch profiles, this time, the x-axis has been converted into

seconds (linear approximation between start- and end-time of the measurement) to

allow for a comparison with the readback values of the RF voltage which is logged

every second. b) Bunch arrival time, extracted from fits to the EOSD profiles. c)

Readback values of the RF voltage of Cavity 2 in Sector 4. d) Reflected power of

Cavity 2 in Sector 4.
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44 4. Streak Camera Measurements
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Figure 4.7: Two sets of single-shot profiles recorded with the streak camera. The averaged pro-

files (averaged over 271 single shots) are shown as thick black lines. Left: Without

any optical filters in the beam path, to have maximum light intensity. Right: With

a 550 nm bandpass filter (40 nm width), which we normally use for measurements

to avoid dispersion. The counts for the images have been scaled by the same con-

stant factor to make to allow for the comparison of the intensities relative to each

other. Electron beam parameters: Fill 4855; beam current of 0.3mA; 23k steps; fs =

12.8 kHz; 300 kV / cavity. The spikes on the SC signal are caused by the low count

rate and can be attributed to Poisson noise rather than actual sub-structure on the

bunches. For better visibility, the profiles have been displaced in y-direction. Data

kindly post-processed by P. Schönfeldt.
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Figure 6.32: Showing two sets of averaged phase retardation backgrounds and their standard

deviations (both as error bars and separately on the second y-axis) Top: The same

measurements for which the relative modulation was shown in the bottom of Fig.

6.8 (2013-04-11 Fill 4623). Bottom: Data from measurements during another fill

(2013-06-07 Fill 4708).
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Figure 6.31: Comparison of the measured EOSD signal (averaged signal from Fig. 6.29) with

the simulated response to a Gaussian electron bunch with a length of 8.9 ps RMS.

The slight decrease in baseline before the bunch and the plateau behind the bunch

are caused by the fact that the laser first counter-propagates (with respect to the

electron bunch) inside the the EO crystal and is then reflected at the back surface,

to co-propagate with the electron bunch. Especially the tail of the laser pulse is

affected by this, because during its counter-propagation through the crystal, the

electron bunch will have traveled far enough to modulate it. The curves have been

scaled in y-direction to have the same amplitude for better comparison. Simulation

code courtesy of B. Steffen [78].
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Figure 7.8: a) Showing 100 consecutive single-shot EOSD phase retardation (Γ) bunch profiles

out of a 1000 shot sequence. The shots are recorded at about 7Hz, so the 100 shots

show snapshots over a total time of about 15 s. b) Depicting the arrival time for every

shot. c) Resolution corrected RMS bunch length from Gaussian fits to the profiles. d)

Showing the integrated signal, which is computed from the Gaussian fit parameters

and normalized to its mean value. The standard deviation of the fluctuations shown is

12%. The beam parameters were: Fully compressed beam during Fill 4623 (450 kV /

cavity; 27k steps, fs = 7.7 kHz) with 1.13mA (418 pC) bunch current, average bunch

length over the whole sequence: 8.79 ± 0.63 ps.

Rev: 90 (88) 2013-10-30 18:06

mailto:Nicole.Hiller@kit.edu
mailto:Nicole.Hiller@kit.edu


Nicole.Hiller@kit.edu - EO measurements at KIT
2nd (PSI / DESY / KIT) Mini-Workshop on Longitudinal Diagnostics for FELs 11-12 November 2013

Heat load on crystal

33

0 100 200 3000.4

0.6

0.8
02 Nov 2012 16:06:54  1.3 GeV  36.13 mA

M
ax

. v
ol

ta
be

 [V
]

Time [s]
0 100 200 300 0

10

20

30

40

M
on

ito
r p

os
iti

on
 [m

m
]

multi bunch (unsqueezed)

C
ry

st
al

 p
os

iti
on

 fr
om

 c
en

te
r

 o
f b

ea
m

 p
ip

e 
in

 m
m

M
ax

. v
ol

ta
ge

 o
n 

PD
 in

 V

Time in s

0 100 200 300 400 500 6000.5

0.6

0.7
02 Nov 2012 15:02:11  1.3 GeV  0.97 mA

M
ax

. v
ol

ta
be

 [V
]

Time [s]
0 100 200 300 400 500 6000

10

20

30

40

M
on

ito
r p

os
iti

on
 [m

m
]

Time in s

M
ax

. v
ol

ta
ge

 o
n 

PD
 in

 V

C
ry

st
al

 p
os

iti
on

 fr
om

 c
en

te
r

 o
f b

ea
m

 p
ip

e 
in

 m
m

single bunch (squeezed)

4.5 mm

4.5 mm

Zoom

10 mm

•Heat load on crystal due to wake-
fields

• Estimated heat power 10 W for 
31 mA multi-bunch current (CST)

In the ring from Oct 2012 - Jan 2013
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