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Abstract

For standard beam profile measurements of high-
brightness electron beams using optical transition radiation
(OTR) screens, coherence effects induced by microbunch-
ing instability render direct imaging of the beam impos-
sible. A technique of using a scintillation screen with a
fast gated CCD camera has been demonstrated to have suc-
cessfully suppressed coherent OTR (COTR) in transverse
beam diagnostics at FLASH. Now the fast gated CCD cam-
era has been employed for longitudinal bunch profile mea-
surements with a transverse deflecting structure (TDS). Re-
sults obtained under operating conditions with and with-
out COTR are compared to those from longitudinal phase
space measurements in a dispersive arm, where no coher-
ence effects have been observed so far. In this paper, we
examine the performance of the fast gated CCD camera for
longitudinal beam profile measurements and present fur-
ther studies on the use of scintillation screens for high-
energy electron beam diagnostics.

INTRODUCTION

High-brightness electron beams with small transverse
and longitudinal emittance and high peak currents are re-
quired to drive high-gain free-electron lasers (FEL). A stan-
dard method for bunch profile measurements is to directly
image the beam with OTR emitted from a viewing screen.
Recently, coherence effects in the emission process of OTR
due to microbunching instability [1, 2] in longitudinally
compressed beams have been observed at LCLS, FLASH
and other facilities [3, 4] and hampered beam diagnosis.

By using a scintillation screen with a fast gated CCD
camera, suppression of COTR in transverse electron beam
diagnosis has been achieved at FLASH [5]. The basic prin-
ciple is to shift the camera gate so that the detection of
the spontaneous COTR generated on the scintillator sur-
face is excluded, thus imaging the electron beam only with
delayed scintillation light which is emitted incoherently.

This technique has been recently employed for longitu-
dinal beam profile diagnosis at FLASH. The measurements
have been performed under operating conditions with and
without COTR, and compared to results obtained at an-
other section as reference. Furthermore, the correlation
of radiation intensity from different viewing screens to the
bunch compression is examined. When varying the bunch
length by changing the RF phase of the accelerator at a
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fixed bunch charge, the intensity of emitted scintillation
light and OTR should remain constant. On the other hand,
strongly fluctuating OTR intensities are indication for co-
herence effects. In this paper, we present the successful ap-
plication of using a fast gated ICCD camera in combination
with a scintillation screen to suppress COTR in longitudi-
nal bunch profile measurements, and prove the validation
of this method in a wide range.

EXPERIMENTAL SETUP

The longitudinal beam profile measurements have been
carried out with a TDS (LOLA) [6], which transforms lon-
gitudinal information into transverse information by shear-
ing the electron bunch in the transverse plane. The image of
the sheared bunch on the viewing screen can be used to re-
construct the longitudinal profile. The whole experimental
station is located directly upstream of the SASE undulator
as shown schematically in Fig. 1.
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Figure 1: Layout of the experimental setup.

Downstream of the TDS, a fast kicker can kick one
bunch out of the bunch train onto an off-axis screen in the
straight section where the fast gated ICCD camera is in-
stalled. The ICCD camera is a commercial camera from
PCO [8] and built up in 4 stages: 1. Incoming photons are
converted to electrons by the photo cathode. 2. The elec-
trons are amplified by a micro channel plate (MCP), which
also regulates the delay of the camera gate. 3. A phosphor
screen (S20) converts the electrons back to photons. 4. The
photons are detected by the CCD chip. The ICCD cam-
era was equipped with a macro lens (f = 150 mm) and a
teleconverter (x 1.4), reaching a magnification of about 4:1.
Apart from the kicker, a dipole magnet can deflect the beam
into a dispersive section equipped with a normal CCD cam-
era where longitudinal phase space measurements are per-
formed, which give information about the energy spread.
The setup in the dispersive section serves as a stable and
reliable station for longitudinal phase space measurements



at FLASH [7] where coherence effects have not been ob-
served so far, allowing it to be used as a reference to our
measurements in the straight section. The machine can be
switched between operation in straight or dispersive sec-
tion. Different viewing screens (see Table 1) at 45◦ w.r.t.
the incoming beam are mounted at the two sections and the
cameras are intstalled normal to the incoming beam (for
details about the cameras see [5, 7]).

Table 1: Properties of the viewing screens

section Screen material Thickness(mm)

straight LuAG:Ce(Lu3Al5O12:Ce) 0.1
straight OTR(Al coated silicon) 0.380
dispersive YAG:Ce(Y3Al5O12:Ce) 0.1

DATA ANALYSIS

The measured data were analyzed as demonstrated in
Fig. 2. The example here was taken from the ICCD camera
in the straight section with LuAG screen.

The original camera image of the beam is shown in Fig.
2 left. The background, which is recorded when the beam
is switched off, is subtracted from the original camera im-
age. Then the image is processed to obtain a region of
interest (ROI). Since the sheared bunch has an arbitrary
shape, a simple ROI of a fixed shape is not applicable in
our case, thus demanding a sophisticated algorithm to de-
fine the beam. The basic principle is the combined use of
gaussian filtering, noise estimation and flood fill algorithm.
Noises outside the ROI are set to zero (color code white in
Fig. 2 middle). For details see [9]. With projection of the
processed image onto the longitudinal coordinate, the lon-
gitudinal profile is obtained, from which the rms value can
be calculated.
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Figure 2: Example of data analysis. Image taken with
ICCD camera in the straight section with LuAG screen.
Left: original camera image. Middle: ROI of the image
after processing. Right: longitudinal profile.

SUPPRESSION OF COTR

The measurements have been performed at FLASH, with
the accelerator setting of beam energy 700 MeV and bunch

charge 0.5 nC. Different compression settings were cho-
sen which covered operating conditions with and without
COTR.
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Figure 3: Camera images from longitudinal profile mea-
surements under slight (a-d) and strong (e-h) compression
settings using (a,e) CCD camera in dispersive section with
YAG screen, (b,f) ICCD camera in straight section with
LuAG screen, (c,g) ICCD camera in straight section with
LuAG screen and camera delay. The longitudinal profiles
are compared in (d,h).

The first measurement (see Fig. 3(a-d)) was performed
at a slight compression setting where no coherence effect
was expected. A longitudinal phase space measurement
in the dispersive section using YAG screen was taken as a
reference, which is shown in Fig. 3(a). Then the machine
was switched to operate in the straight section. The image
taken with the ICCD camera using LuAG screen without
the camera gate being delayed is shown in Fig. 3(b). Both
scintillation light and OTR light generated on the screen
surface contribute to the image intensity. At last the camera
gate of the ICCD was delayed to avoid detection of OTR on
the chip (Fig. 3(c)).

The longitudinal profiles of the results obtained in the
3 setups are compared in Fig. 3(d). The area of the pro-
files are normalized to the bunch charge measured with a
toroid to provide information about beam current. All three
profiles, with rms values of (a) 2290±8 fs, (b) 1977±6 fs
and (c) 1910±13 fs, are in good agreement. The one from
the dispersive section is slightly wider than those from the



straight section, which may be due to machine instabilities
during the switching between the two sections.

In the case of strong compression setting, which pro-
duces more COTR, the longitudinal profile measurements
were repeated with these 3 setups as well (see Fig. 3 (e-h)).
The image taken with ICCD camera using LuAG screen
without camera delay failed to give quantitative informa-
tion about the beam due to the coherent OTR generated
from the scintillator surface, as shown in Fig. 3(f). One
can see a much expanded illuminated area and the images
fluctuated from shot to shot. After the delay of camera gate
was introduced to exclude COTR, a direct imaging of the
sheared bunch with only scintillation light became possi-
ble Fig. 3(g). Compared with the reference profile (rms
210±3 fs) measured in the dispersive section, the longitu-
dinal profile measured with this technique (rms 219±2 fs)
shows a good agreement, while the profile of the image
taken with ICCD without delay (rms 228±15 fs ) differs
largely from them.

It is worth pointing out that the profile measured with
ICCD camera has lower peak intensity than reference Fig.
3(h). Some parts of the intensifier in the ICCD camera sat-
urated before the CCD chip did. This problem is described
at the end of this paper and is now under investigation.

COTR STUDIES

The intensity of COTR depends strongly on the longitu-
dinal bunch compression, that means the RF phase settings
of the accelator [3]. To verify the performance and ability
of our method to suppress COTR, further measurements us-
ing the ICCD camera with different viewing screens have
been carried out for various RF settings. As shown in Fig.
4, the radiation intensity (top) and relative intensity fluc-
tuation (bottom) were measured at different compression
settings by changing the RF phase of the first accelerating
module ACC1.

The radiation intensity from OTR screen (black line) in-
creases dramatically starting from the RF phase of 3.55 deg
due to strong coherence effects. Although the enhancement
of the OTR intensity at smaller phases is relative small, the
relative intensity fluctuation calculated from 20 single shots
lies between 10−15%, which is a typical indication of the
existence of COTR. With an intensity enhancement of a
factor up to 12 over the whole RF phase range, beam diag-
nosis with OTR screen in the straight section is not possi-
ble.

In the case of LuAG screen without camera delay (yel-
low line), the radiation intensity which consists of OTR and
scintillation light stays constant at smaller phases and starts
to fluctuate at RF phase of 3.75 deg. Compared to the case
of the OTR screen, the scintillator screen mitigates partly
the coherence effects, but is still impeded by COTR with
an intensity enhancement factor of 2 in the measured phase
range.

A very stable radiation intensity with rather low fluctu-
ation is seen as expected when the ICCD camera gate is
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Figure 4: Phase scan for ICCD camera with different
screens and camera gate settings. Top: radiation inten-
sity measured for various ACC1 RF phases. Bottom: rel-
ative intensity fluctuation measured for various ACC1 RF
phases. The profiles measured at * are shown in Fig. 5

delayed (red line). Since OTR is excluded, the radiation
intensity, which has now only the contribution from scintil-
lation light, is no longer correlated to the longitudinal com-
pression, thus remaining constant over the entire RF phase
range.
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Figure 5: Comparison of the longitudinal beam profiles
at ACC1 RF phase of 4.0 deg (corresponding to the point
marked with * in Fig. 4).

A comparison of the longitudinal profiles measured with



these three setups at RF phase of 4.0 deg (*) is shown
in Fig. 5. The profiles taken with the OTR screen and
LuAG screen without camera delay give overestimated
bunch lengths and underestimated peak currents. From 20
single shots, a bunch length of 146±1.6 fs is measured with
the ICCD camera using LuAG screen with camera delay.

2.8 3 3.2 3.4 3.6 3.8 4
100

150

200

250

300

350

400

450

500

550

600

ACC1 RF phase (deg)

rm
s 

bu
nc

h 
le

ng
th

 (f
s)

dispersive section, CCD, YAG screen
straight section, ICCD, LuAG screen with delay

(  ) *

Figure 6: Phase scan for (red) ICCD camera with LuAG
screen and delay, (blue) CCD camera in the dispersive sec-
tion with YAG screen as reference. The calculated bunch
lengths are plotted as function of ACC1 RF phase. The
profiles measured at * are shown in Fig. 7

The rms bunch lengths for different RF phase settings
has been calculated and compared with the reference bunch
lengths obtained in the dispersive section. As shown in Fig.
6, the results are in good agreement for each phase setting.
With increasing RF phase, the bunch length reduced from
580 fs to 130 fs. A slightly shorter bunch length mea-
sured in the dispersive section at smaller RF phase could
be caused by the fact that longer bunches are more likely to
lose electrons due to energy spread when passing through
the dispersive section, thus showing a shorter bunch profile.

From the comparison of the longitudinal profiles mea-
sured at RF phase 4.0 deg (Fig. 7), one can see that the
profile from the new technique (red line) has almost the
same shape as that from the reference (blue line). The cal-
culated bunch lengths, 144 fs and 146 fs respectively, are
consistent with each other taking into account the standard
deviation.

The lower peak on the negative coordinate side could
be due to non-linearized intensification correlated to sat-
uration in the intensifier system (consisting of photo cath-
ode, micro channel plate and phosphor screen) of the ICCD
camera. When the incoming beam is centered in a rela-
tively small area on the CCD chip, higher intensity will be
less intensified than lower intensity. This issue of the ICCD
camera is currently under investigation in the laboratory.

CONCLUSION

We successfully suppressed COTR in longitudinal beam
profile measurements by using a fast gated ICCD camera
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Figure 7: Comparison of the longitudinal beam profiles
at ACC1 RF phase of 4.0 deg (corresponding to the point
marked with * in Fig. 6).

in combination with a scintillation screen. The results are
in good agreement with those obtained in another setup in
the dispersive section as references. During further COTR
studies, the consistency and reliability of this technique
have been demonstrated, proving it to be a solution for
COTR suppression. To understand the characteristics and
performance of the ICCD camera, camera tests in the labo-
ratory are ongoing.
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