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Abstract

The Free-electron LASer in Hamburg (FLASH) is cur-
rently equipped with four Bunch Arrival time Monitors
(BAMs) which achieve a measurement accuracy below
10 fs for bunch charges higher than 500 pC. In order to
achieve single spike FEL pulses at FLASH, electron bunch
charges down to 20 pC are required. To achieve a measure-
ment accuracy of 10 fs also at such a small bunch charge a
new BAM containing new pickups with a bandwidth of up
to 40 GHz has been designed and manufactured. The sig-
nal of the pickups will be evaluated using a time-stabilized
reference laser pulse which is modulated with an Electro-
Optical intensity Modulator (EOM). The theoretical mea-
surement accuracy depends on several parameters and their
fluctuations. The impact of these fluctuations on the mea-
surement accuracy will be discussed.

INTRODUCTION

The Free-electron LASer in Hamburg (FLASH) is a
source of short photon pulses tunable within a wave-
length range from 4.12 to 45 nm [1]. It is equipped with
four Bunch Arrival time Monitors (BAMs), which provide
a measurement accuracy below 10 fs for bunch charges
above 0.5 nC [2]. In order to reach FEL pulses with a dura-
tion of a single mode only low bunch charges are required.
For FLASH a bunch charge down to 20 pC is necessary [3].
Thus a BAM is required which allows the determination of
the arrival time with a precision of 10 fs for bunch charges
down to 20 pC. Therefore, a new pickup with a bandwidth
of 40 GHz has been developed [4, 5, 6] and installed at
FLASH. Besides the new pickup, a new electro-optical
front-end is required for such a new BAM. The new front-
end will use an electro-optical modulator (EOM) with a
bandwidth of 40 GHz which corresponds to the bandwidth
of the new pickup. Also a new readout electronic based
on μTCA 4 [7] will be used. In order to preserve the large
operating range of the bunch charges up to 3 nC a special
wiring scheme is needed.
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PRINCIPLE OF MEASUREMENT

The arrival times of the electron bunches are detected
with a pickup and compared with the timing of a laser
pulse which is synchronized to a reference master oscil-
lator. The new 40 GHz pickup contains four cone-shaped
pick-up electrodes [4]. The electro-magnetic field of an
electron bunch passing the BAM induces a short bipolar
RF signal in each of the four pick-up electrodes. The RF
signals of opposite pickup electrodes are combined to in-
crease the amplitude and to reduce the influence on the
orbit position of the electron bunches of the measured ar-
rival time. One of these RF signals is directed to a 40 GHz
EOM. This branch will be used as a fine channel with a
high accuracy for the low bunch charge operation mode,
but for high charges the amplitude of the pickup signal rises
above the usable range of the EOM. The other branch is
carried to a 10 GHz EOM (see Fig. 1). This branch will be
used as coarse channel in low bunch charge mode and as
standard channel for the high charge operation at FLASH.
The laser pulse from the synchronisation system is approx-
imately 100 times shorter than the RF signal pulse and the
ratio of the laser amplitude of the output signal of the EOM
(Iout) and the input signal (Iin) is given by the following
equation [8]:

Msignal =
Iout

Iin

= cos2
(
2δ0 +

2πUbias

Uπ,bias
+

2πURF(t)

Uπ,RF

)

=
1
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+

1

2
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(
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Uπ,bias
+

πURF(t)

Uπ,RF

)
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The parameters δ0, Uπ,bias, and Uπ,RF are device specific
constants of the EOM. The intrinsic operation point is pre-
sented by δ0. Uπ,bias and Uπ,RF are the voltages to change
the modulation M between 0 and 1 at the bias port respec-
tively at the RF port. By setting the modulation to M = 0.5
with a DC bias voltage Ubias an optimized determination of
the timing difference between the RF and the laser pulse at
the EOM are feasible. With a correct timing of the elec-
tron bunch, the zero-crossing of the RF signal reaches the
EOM at the same time as the reference laser pulse and the
output of the EOM will be M = 0.5. When the electron
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bunch reaches the EOM with a timing offset the pickup sig-
nal shows a non-zero voltage at the RF input and therefore
the amplitude of the laser pulse is modulated (see Fig. 2).
The amplitude of the laser pulse is detected with a photodi-
ode and digitized by a fast ADC. The performance of this
system depends on the slope at the zero-crossing of the RF
signal which directly depends on the electron bunch charge.
Furthermore, a small jitter in the other components such as
the reference laser pulse is necessary for a measurement
accuracy in the order of 10 fs.

Figure 1: Schematic design of the BAM system.

ANALYSIS MODEL

For a detailed analysis of the measurement accuracy of
the new BAM the knowledge of the shape of the RF sig-
nal at the entrance of the EOM is required. The perfor-
mance of the pickup has been simulated using CST PAR-
TICLE STUDIO R© [4, 6]. The simulation results of the
new pickup were calculated directly behind the vacuum
feedthroughs of the pickup electrodes. Additionally the RF
cabling between the feedthroughs and the EOM changes
the shape of the RF signal. The S-parameters have been
measured for a 37 cm long RF cable. These results have
been extrapolated to a 2.87 m long RF cable as it has been
installed at the new BAM at FLASH. Furthermore, the RF
combiner was considered with +2 dB (+3 dB by combina-
tion and -1 dB insertion loss). By using these extrapolated
S-parameters the RF signal was calculated at the end of the
cable. The resulting RF signal slope is 286 mV/ps and the
amplitude at the entrance of the EOM is 1.463 V at a bunch
charge of 20 pC. The RF signal and its slope and amplitude

Figure 2: Principle of the arrival time measurement. The
laser pulses are modulated by the EOM which is driven by
the RF signal from the pickup. Arrival time changes of the
electron bunch cause different modulation voltage at the
laser pulse arrival time. [9]
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Figure 3: Comparison between the calculated RF signal
with an electron bunch charge of 20 pC (blue) and the an-
alytical function (red). The interesting area is around the
first zero-crossing.

scales linearly with the bunch charge. For simplification
it is advisable to use a deterministic function (see Fig. 3).
Therefore, for further investigations the following analyti-
cal function, which corresponds to a derivative of the nor-
mally function, has been used to describe the RF signal

URF(t) = tSe−
1
e (

tS
A )2 (2)

with the slope at the zero-crossing S and the amplitude of
the pickup signal A. The ringing of the RF signal is not
of interest for this analysis. To avoid errors of the bunch
arrival time measurement due to long-term drifts of δ0 or
Uπ,bias, a baseline modulation will be detected during op-
eration. This is possible because the repetition rate of the
laser pulses (216.67 MHz which is one sixth of the 1.3 GHz
reference source) is much higher than the repetition rate
of the electron bunches (max. 1 MHz). Therefore a laser
pulse before the one which is modulated by the RF signal of
the pickup serves as a non-RF-modulated reference. These
non-RF-modulated reference laser pulses will be detected
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Figure 4: Count of the difference between tbunch and tsim,meas for different settings. The bunch charge is set to 20 pC in the
top row and to 200 pC in the bottom row. The timing jitter of the bunch is set to 25 fs in the left column and to 100 fs in
the right column.

as baseline modulation Mbaseline. Compared with formula
Eq. (1) we obtained:

Mbaseline =
1

2
+

1

2
cos

(
δ0 +

πUbias

Uπ,bias

)
≈

set to

1

2
(3)

The real amplitude modulation can be calculated by:

M = Msignal −Mbaseline (4)

Furthermore a conversion from the real amplitude modula-
tion of the laser pulse to the timing shift of the RF pulse and
accordingly of the electron bunch is required. A lineariza-
tion around the operating point of the RF signal leads to the
calibration constant [8]

K =
S

2Uπ,signal
(5)

and therefore the simulated arrival time measurement is

tsim,meas =
arcsin(2M)

2K
≈

Taylor

M

K
+
2M3

3K
+
6M5

5K
+... (6)

Monte Carlo Simulation

The performance of the bunch arrival time measurement
depends on the stability of the laser pulse. Furthermore
the noise of the bunch charge, the noise of bias voltage of
the EOM, and the amplitude noise of the RF signal also
influence the bunch arrival time measurements. The dis-
crepancies of these values have been considered as nor-
mally distributed with an rms width given in Table 1. The

arrival time jitter of the electron bunch and therefore the
measurement jitter has to be determined. The analysis was
performed for different bunch charges. For one certain
bunch charge the values of the real amplitude modulation
M (Eq. 4) will be calculated. In the next step the simulated
arrival time measurement tsim,meas will be determined. This
process will be repeated 105 times. For each of these cal-
culations a different random set of the jitter parameters in

ment value tsim,meas differs from the set value of the arrival
time tbunch. Note, tbunch is the arrival time which is also ef-
fected by jitter (see Table 1) . The differences between tbunch

and tsim,meas of each iteration were calculated (see Fig. 4).
From all of these 105 samples the RMS of these differences
were determined. This will be done for a set of different
bunch charges.

Table 1 are generated .The simulated arrival time measure-
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Figure 5: Calculated measurement accuracy of the BAM
system at the 40 GHz EOM for different bunch charges
with a timing jitter of 25 fs.

Table 1: List of Assumed Normally Distributed Jitter
Values for the Monte Carlo Simulation

Parameter assumed RMS values

bunch charge 1 %
bias voltage of the EOM 0.5 mV
RF voltage at the EOM 0.5 mV
laser amplitude1 0.35 %
laser timing 2.5 fs
ADC channel 20

bunch arrival time2 25 fs and 100 fs
1 Only for the calculation of the Msignal.
2 Stored and compared to the simulated measurements for each

iteration.

Figure 4 exemplary shows the results for two different
charges. For a bunch charge of 20 pC the calculation of
the performance of the new BAM achieved a measurement
accuracy of about 11 fs (RMS). The measurement jitter
improves slightly if the arrival time jitter of the electron
bunches decreases. A reduction of the arrival time jitter
down to 25 fs is possible by using the intra bunch train feed-
back at FLASH [10]. The measurement jitter for different
bunch charges is shown in Fig. 5 and 6. The results are cal-
culated applying different orders of Equation (6). Increas-
ing the bunch charge starting from 5 pC the measurement
jitter will be reduced down to 4 fs. For a bunch arrival time
jitter of 100 fs the measurement jitter is starting to degrade
above 250 pC. This is because of the unambiguousness of
the modulation in the EOM is lost when URF > 1

2Uπ,RF

arcording to Eq. (3). As result the Tsim,meas can not be cal-
culated correctly with Eq. (6). This failure will also occur
in the real BAM system. Figure 7 shows the relative in-
cidence of URF which is greater than 1

2Uπ,RF. For bunch
charges above approximately 200 pC the 10 GHz EOM has
to be used as the fine channel for the arrival time measure-
ment.
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Figure 6: Calculated measurement accuracy of the BAM
system at the 40 GHz EOM for different bunch charges
with a timing jitter of 100 fs.
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Figure 7: The working range of the EOM for detecting the
correct timing is limited by 1

2Uπ,RF. The graph shows the
relative count with URF higher than 1

2Uπ,RF for different
bunch charges by using a timing jitter of 100 fs. For bunch
charges higher than 200 pC the 10 GHz EOM has to be used
as the fine channel for measurement of the timing shift.

CONCLUSON AND OUTLOOK

A new 40 GHz BAM was designed and simulated [4].
The performance of the BAM system was calculated with
simplified mathematical models including various jitter
sources. The calculation reaches a measurement accu-
racy of approximately 11 fs for a bunch charge of 20 pC
and better than 10 fs for bunch charges higher than 25 pC.
Compared with the currently running 10 GHz BAM sys-
tem which achieves a measurement accuracy below 10 fs
for bunch charges above 500 pC, the new system will be
a significant improvement. It also has been observed that
the jitter of the laser amplitude has the strongest influence
on the measurement accuracy for low bunch charges. An
improvement of this jitter to 0.2 % would result in a mea-
surement accuracy below 10 fs for 15 pC bunch charge.
The new BAM pickup has been installed at FLASH. The
next steps are the manufacturing and installation of the new
electro-optical BAM front end.
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