ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Nuclear Instruments and Methods in Physics Research B 266 (2008) 3789-3796

N B

Beam Interactions
with Materials & Atoms

www.elsevier.com/locate/nimb

Non-intercepting electron beam transverse diagnostics with
optical diffraction radiation at the DESY FLASH facility ™

E. Chiadroni®*, M. Castellano?, A. Cianchi®, K. Honkavaara®, G. Kube ¢,
V. Merlo®, F. Stella®

& Laboratori Nazionali di Frascati — INFN, via E. Fermi, 40, 00044 Frascati, Italy
Y INFN di Roma “Tor Vergata”, via della Ricerca Scientifica, 1, 00133 Roma, Italy
€ Universitdt Hamburg, Inst. f. Experimentalphysik, Luruper Chaussee 149, 22761 Hamburg, Germany
d Deutsches Elektronen-Synchrotron, Notkestrafe 85, 22607 Hamburg, Germany
¢ Universita di Roma “Tor Vergata”, via della Ricerca Scientifica, 1, 00133 Roma, Italy

Received 3 December 2007; received in revised form 5 February 2008
Available online 29 February 2008

Abstract

Linear colliders (LCs) and short wavelength free electron lasers (FELSs) require ultra-high brilliant electron beams of so much power
density that no intercepting device can sustain it. The development of suitable beam diagnostics, non-invasive and non-intercepting, is

necessary to measure the properties of such beams.

Optical diffraction radiation (ODR) is considered as one of the most promising candidates, as testified by the interest of many lab-

oratories all around the world.

An experiment based on the detection of ODR has been set-up at DESY FLASH Facility and it is under operation to measure the
electron beam transverse parameters. The radiation is emitted by a high energetic electron beam passing through a sub-millimeter slit,
opened on a screen made of aluminum deposited on a silicon substrate. Radiation is then detected by a low noise, high sensitivity CCD

camera.

We report here the preliminary results for a 680 MeV electron beam energy going through a 0.5 mm slit.

© 2008 Elsevier B.V. All rights reserved.
PACS: 01.30.Cc
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1. Introduction

The development of high energy LCs [1] and short wave-
length FELs [2-4] requires high quality electron beams,
which means small transverse emittance (<1 mm mrad)
and high peak current (= k4). Due to the large power den-
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sity of this kind of beams, a non-intercepting diagnostics
needs to be developed and applied.

In 1996 one of the authors suggested a new method for
the non-intercepting measurement of beam size, both
transverse [7] and longitudinal [8]. The idea is based on
the observation of diffraction radiation (DR) emitted by
a charged particle beam going through a slit in a metallic
foil due to the interaction of the charge electromagnetic
(EM) field with the screen surface.

Since the beam goes through the slit, DR is a non-inter-
cepting diagnostics and, therefore, excellent to be used par-
asitically without disturbing the electron beam. The great
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interest in this type of radiation [5] comes also from both
the possibility of generation of intense radiation beams in
millimeter and sub-millimeter wavelength region and beam
diagnostics based on both incoherent and coherent diffrac-
tion radiation [10], depending on the longitudinal beam
size with respect to the emitted wavelength.

The aim of our experiment is measuring the transverse
beam size and divergence, in order to calculate the trans-
verse emittance, by studying the angular distribution of
optical diffraction radiation (ODR).

The DR angular distribution is produced by the interfer-
ence of radiation from both edges of the slit. The visibility of
the interference fringes is correlated to the beam size. The
effect is also affected, in a slightly different way, by the angu-
lar divergence of the beam: the ODR angular distribution
becomes wider and the intensity of the minimum higher,
when the beam divergence increases as pointed out in Sec-
tion 2. A dedicate analysis of the radiation angular distribu-
tion allows then to separate the two effects. If the beam is in
a waist on the DR screen, the transverse emittance can be
derived with a single non-intercepting measurement.

Our experiment is carried out at FLASH, Free electron
LASer in Hamburg, at DESY (Hamburg, Germany). For
this kind of experiment, FLASH is an excellent facility
because due to the superconducting accelerator technology,
it can drive long train pulses, up to 800 bunches per
macropulse, which means high charge operation, good
long term stability, small beam transverse emittance,
<2 mm mrad and high energy, up to 1 GeV.

In this paper, we report the status of ODR experiment
and we show the results from the preliminary studies on
the data collected so far.

2. DR theory

Diffraction radiation is produced when a charged parti-
cle goes through a slit or passes by the edge of a metallic
screen, due to the interaction between the EM field of the
traveling charge and the target surface [9]. The intensity
of the radiation iIzlngreases linearly with the charge and is
proportional to e, where « is the slit aperture, y the Lor-
entz factor and A the emitted wavelength. A natural unit of
measure of this phenomenon is given by the radial exten-
sion of the EM field, é—; In case of a > ﬁ, the aperture is
much greater than the extent of the particle EM field,
which does not interact with the target at all and, therefore,
no radiation is produced. In the opposite case, if a <« %,
transition radiation is substantially emitted. In the follow-
ing we treat the case of a = % resulting in the emission of
DR.

Typically, the transverse beam size is of the order of
mm or sub-mm. This means that in case of high energy,
7~ 10°, also optical wavelengths are emitted, allowing
an easier detection of radiation, thanks to the wide instru-
mentation available and the reconstruction of beam trans-
verse parameters like position, transverse size, angular
divergence.

2.1. Theoretical background

The radiation emission mechanism can be described by
the Weizsicker—Williams method or virtual photon
method [9]. The electromagnetic field of an ultra-relativistic
(y > 1) particle acquires the properties of electromagnetic
waves, allowing to be approximated as the superposition
of plane waves (virtual photons), and can be written as

ew X,y wr/x? + )7 itz ()
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K the modified Bessel function of second order. The elec-
tric field transverse components are then proportional to
EK (af). A strong field is then detected and DR emitted
if aé= ‘"L? = 2/“;’ <1, where S~ 1 has been considered.
Radiation is, therefore, confined within a disk of radius
y4 and, contrary to the plane electromagnetic wave, the
particle field depends on the distance from it.

The diffraction radiation field can, therefore, be consid-
ered as the scattering of the virtual photon field on the
metallic target. The radiated energy is determined by solv-
ing the Kirchoff integral [11] which, in the far field approx-
imation, can be considered as the Fourier transform of the
field of virtual photons on the target surface.

The ODR far field angular distribution in the Fraunho-
fer approximation is given by
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where k, and k, are the transverse components of the radi-
ation momentum k = w/c and E° ., the fields on the metallic
surface given by Eq.l. For an electron moving through the
center of a slit in a perfectly conducting, infinite screen, the
expression for both polarizations, parallel and orthogonal
to the slit, have the form
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The DR spectral angular distribution is then given by
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The angular distribution of the DR is mainly affected by
beam parameters in the plane orthogonal to the slit aper-
ture: when the transverse beam size is increased, the inten-
sity of both the peaks and the minima increases, resulting
in the reduction of the interference fringes visibility, as sta-
ted by a simulation plotted in Fig. 1(a). Keeping in mind
that the radiation angular distribution is centered around
the specular direction of the particle trajectory, to evaluate
the effect of the angular divergence for a real beam the DR
angular distribution is convoluted with a 1D Gaussian dis-
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Fig. 1. ODR angular distribution for a beam of 680 MeV energy passing through a 0.5 mm slit for different beam sizes (a) and beam angular

divergences (b).
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result of the numerical computation, shown in Fig. 1(b),
appears as the smoothing out of the maximum and mini-
mum values as the beam angular divergence increases.

In our case, the slit is a horizontal rectangular aperture,
allowing to measure the beam size and the beam angular
divergence in the vertical plane, o, and ), respectively.

3. Experimental apparatus

Most of the time FLASH is operated as a user facility
providing FEL radiation in the wavelength range from vac-
uum ultraviolet to soft X-rays for FEL experiments. Since
FEL radiation is produced when a high quality electron
beam passes through an undulator, the operation of
FLASH is optimized to provide the required beam proper-
ties at the entrance of the undulator. Our experimental set-
up is mounted on the by-pass beam line (Fig. 2) in order to
minimize the contribution of synchrotron light from dipole
magnets, which bend the electron beam to the dump when
the transport through the undulator is not required. Since
the electron beam is optimized for FEL operation, tuning
is typically necessary to provide proper electron beam
properties on the location of our experiment.

During measurements reported in this paper, FLASH
was operated with 680 MeV electron beam energy, close
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Fig. 2. FLASH layout and experimental site.

Fig. 3. DR target.

to the maximum beam energy available at that time, with
only five superconducting accelerator modules.

The experimental set-up has an aluminated silicon
screen (DR screen) mounted in the vacuum pipe at 45°
angle with respect to the beam direction. A dedicated opti-
cal system, described in Section 3.2, has been studied to
guide and focus the radiation onto the camera.

3.1. Diffraction radiator

The target is of fundamental importance for the success
of the experiment, since damaged edges and/or an uneven
surface may change the interference effects, resulting in a
smeared out angular distribution. Therefore, special care
has been taken when manufacturing the target as well as
during installation and measurements to avoid damages.

The DR screen (Fig. 3) is constructed by lithographic
technique starting from a silicon nitride wafer and opening
two slits, 0.5 mm and 1 mm aperture, by means of chemical
etching. The slits are separated by a 2 cm of free screen for
standard OTR beam imaging. An aluminum layer is depos-
ited on the target by sputtering and the reflectivity is
enhanced by a factor of 2. The main advantage of the sili-
con nitride with respect to SiO, [12] is a much less etching
rate which preserves the silicon substrate from damages
and makes the surface much more uniform.
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Fig. 4. Sketch of the optical system.

A motorized actuator allows a high precise positioning
of the screen, down to 1 um and a very minimal movement,
for accurate centering of the slit with respect to the beam.

3.2. Light optics and acquisition system

The optical system layout is shown in Fig. 4.

Radiation from the target is reflected by a mirror and
sent through an optical system to the camera. Since the
reflection power of the mirror surface is different for the
horizontal and vertical polarizations and the component
parallel to the incident plane (the horizontal one) is
reduced, the effect is a non-perfect annular OTR angular
distribution.

Two lenses can be selected: an achromat doublet to
image the beam and a biconvex lens with broadband
anti-reflection coating to produce the DR angular distribu-
tion. They have different focal length in order to focus on
the same plane. Two interferential filters, at 800 nm and
450 nm and a Glan-Thomson polarizer may be inserted
on the optical axis. The position of these elements after
the lenses has been dictated by practical considerations
due to the limited space. The effect of the polarizer is to
lengthen the optical path, thus increasing the focal length
in a range which is within the movement of the camera.

Due to the very low radiation intensity, a cooled, high
sensitivity, 16-bit CCD camera' is used. The camera main
features are the very high quantum efficiency in the whole
visible spectrum, in particular at 800 nm, the negligible
thermal noise and the long exposure time, up to 2 h. Let
us note that since the camera is rotated by 90°, vertical
on the screen corresponds to horizontal and vice versa.

The optical system is remotely controlled by an elec-
tronic box, using can-bus modules, partially integrated in
the linac control system and placed in the tunnel. The
image acquisition and all related controls are driven via
Firewire by a dedicated industrial PC located nearby and
connected to the standard Ethernet network.

4. Preliminary results

The main limitation during the measurements was given
by the synchrotron radiation background.

! Hamamatsu C4742-98-LGLAG?2.

The beam optics was adjusted during the measurements
in order to minimize the beam size in the vertical plane. To
do so, since the beam parameters in the by-pass line are not
well optimized, the strength of the quadrupole magnets
upstream of our experiment were much stronger than the
nominal values. Consequently, the contribution of the syn-
chrotron light came not only from the dipole, but also from
those quadrupoles and due to multiple reflections in the
vacuum pipe, the background is the image of a source
apparently near (few meters) to the target itself, clarifying
its peculiar shape and preventing from the knowledge of
a theoretical behavior which would be easily subtracted.

The preliminary results obtained with a 680 MeV elec-
tron beam energy going through a 0.5 mm slit are reported
here. FLASH was operated with up to 25 electron bunches
(0.7 nC per bunch) per macropulse with 1 MHz bunch
spacing. The macropulse repetition rate was 5 Hz.

4.1. The beam

A big effort was done to minimize the beam dimensions
on our screen in order to let it go through the 0.5 mm slit.
Finally, we succeeded in squeezing it only vertically, hori-
zontally being extremely wide. The image of the beam
and its intensity projections, both the horizontal and verti-
cal one, are shown in Fig. 5(a) and Fig. 5(b), respectively.
Assuming the beam is Gaussian distributed, the retrieved
vertical rms size is about 80 um, while the horizontal one
is about ten times bigger.

4.2. Imaging of the ODR source

A vertical scan of the slit edge was done in order to align
the beam in the slit center with high accuracy and so to
have an incontrovertible evidence of ODR. This kind of
measurement we call near-field imaging in the sense that
we focus onto the object where the ODR source is pro-
duced [6]. It allowed us to look at the dependence of the
radiation intensity on the impact parameter. Since the
intensity of the radiation is proportional to e+, the signal
intensity is weaker as the impact parameter increases: the
way this intensity goes to zero gives an indication on the
kind of radiation detected.

Fig. 6(a) shows the beam through the center of the
0.5 mm slit in the image plane, corresponding to an impact
parameter of 250 um, while Fig. 6(b) corresponds to an
impact parameter of 0 um (the center of the beam hits
the edge of the slit). On the right edge of the slit in
Fig. 6(a), a strong background radiation is visible. For this
reason, the results we report here are done by scanning the
slit from a position where the beam is in the center of the
slit to the position where the center of the beam hits the left
edge of the slit (Fig. 6(b)).

The projection of the DR near-field image is shown in
Fig. 7(a) for several impact parameters compared also to
the projection of the OTR image (black straight curve).
The intensity of the peaks is plotted as a function of the
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Fig. 5. Characterization of the beam: single bunch, 0.7 nC per bunch. The pixel size is 24.0 um (H) x 24.0 pm (V).
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Fig. 7. Analysis of the ODR near-field images.

impact parameter in Fig. 7(b). The data are fitted with both
an exponential and a Gaussian curve, in order to under-
stand and try to distinguish, the contribution due to diffrac-
tion radiation from the one due to the tail of the beam.

Since we do not have any independent way, but OTR imag-
ing, to verify the beam dimensions, we cannot be sure that
the beam tail does not hit at all the slit edge. A slightly bet-
ter agreement of the data with the exponential fit supports
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(a) OTR angular distribution

(b) OTR angular distribution with the po-
larizer

Fig. 8. OTR angular distribution: 10 bunches per macropulse, 0.7 nC per bunch, 2 s exposure time, 5 Hz repetition rate.

an exponential-like decay of ODR peaks intensity as
expected from theory, though a contribution of the tails
cannot be excluded.

4.3. The OTR angular distribution: A measurement of the
beam energy

Since optical transition radiation (OTR) is theoretically
and experimentally well understood, we first verified our
experimental setup by acquiring the OTR angular distribu-
tion, without and with the polarizer (Fig. 8) and measuring
from that the beam energy. The uncertainty on the beam
energy with respect to the one measured by the shift crew
is about 10%, compatible with the uncertainty on both
the focal length and the position of the focal plane intro-
duced by the polarizer. The disagreement on the minimum
depth between the measured and the simulated curves
(Fig. 9) is attributed to both, a residual background, which
is also evident from the shoulders of the distribution and
the angular divergence of the beam. The simulation has
been done assuming a Gaussian distributed beam with a
vertical angular divergence of 125 prad.

The beam energy measured from the OTR angular dis-
tribution is about 619 MeV, contrary to 680 MeV mea-
sured with standard techniques.

4.4. Far field DR: The ODR signature

To take a snapshot of a clear signature of ODR angular
distribution, several images of both signal and background
have been acquired, with the camera in the focal plane,
scanning vertically the slit aperture.

Fig. 10 shows the vertically polarized angular distribu-
tion for three values of displacement of the beam with
respect to one edge of the slit. The corresponding measured
projection of the angular distribution is shown in
Fig. 11(a). The black squares curve corresponds to the

m  Experimental Data
Simulation

Normalized Intensity

Angle [mrad]

Fig. 9. Projection of the OTR angular distribution shown in Fig. 8(b)
compared with a simulation done assuming a Gaussian distributed beam
with vertical rms size of 80 um and vertical angular divergence of
125 prad.

beam in the center (ODR). As we move far from the center
towards the edge, both the minimum and the maximum
intensities increase and the visibility of the interference
fringes becomes less pronounced, as also shown by the sim-
ulation (Fig. 11(b)). The noisy and asymmetric curves are
due to a residual background contribution.

The intensity of the minimum has been plotted as a
function of the position of the beam within the whole slit
(a 0 pm offset corresponds now to the beam in the center
of the slit). As expected from theory, Fig. 12 shows that
the minimum intensity is detected when the beam is in
the center of the slit. In optimum conditions, in particular
zero angular divergence and with a better background sub-
traction, this result might be used as independent measure
to determine the beam size [13].

From the previous scan we determined the center of the
slit and we performed a dedicated measurement of ODR
signal and background to optimize the subtraction proce-
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Fig. 10. Vertically polarized angular distribution for different position of the beam within the slit: 250 pm corresponds to the beam in the center of the slit.

360 = Oum
® 100um
3201 200 um

Intensity [a.u.]

T T T d
0.000 0.002 0.004 0.006

Angle [rad]

T T
-0.006 -0.004 -0.002

(a) Experimental data

= 10um
360 ® 100um
320 4 200 um

280+
2404

200
A A

H
AY A

160
120

Intensity [a.u.]
e

e,
ese?®

.
.

;. Y

a
o o
R
k.“-_o_._

T r T
0.000 0.002 0.004
Angle [rad]

(b) Simulation

T T
-0.004 -0.002

Fig. 11. Angular distributions for different positions of the beam with respect to one edge of the slit. Both the polarizer and the 800 nm filter are inserted.

1059 # Experimental data !
—— - [ !
1.004 \Y Fit J

0.95 N

el

0.90 | \ 7
— 0.854 \ /
= ;
£. 0.80 1
_E
0.75
0.70
0.65 |

0.60 T T T T T T T T T 1
-250 -200 -150 -100 -50 0 50 100 150 200 250

Offset [um]

Fig. 12. Measured dependencies of ODR minimum intensity as function
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dure. For this measurement, the projection of the ODR
angular distribution image is shown in Fig. 13 (black
squares). A simulation which takes into account a Gauss-
ian distributed beam with ¢, = 80 um, compatible with
the one given from fitting the beam image profile and
o/ = 125 prad, shows a very good qualitative agreement
with the measured ODR projection (Fig. 13, line).

From this measurement and in particular from the val-
ues of beam size and angular divergence given by the sim-
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Fig. 13. ODR angular distribution: 25 bunches per macropulse, 0.7 nC
per bunch, 2 s exposure time, 5 Hz repetition rate, 0.5 mm slit. Polarizer
and 800 nm filter are inserted.

ulation, the normalized vertical transverse emittance can be
extracted. Assuming that the beam is in a waist, it is esti-
mated to be about 12 mm mrad. The disagreement with
the typical value of the emittance for FLASH
(~2 mm mrad) can be ascribed to the fact that we are in
the by-pass line where the beam conditions are very far
from the nominal ones and, in particular, optimized for
our experiment.
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4.5. Discussion

The main limitations during both periods of measure-
ments were given by the background and the large amount
of hot spots which did not allow us to increase the exposure
time of the camera.

The background image is every time acquired by moving
the beam out of the screen by means of steering magnets
upstream of the target. However, since the steered beam
hits the vacuum pipe, this procedure gives rise to a large
amount of X-rays. In order to increase the signal-to-noise
ratio, a large number of images has been recorded. The
images have been then off-line processed with a custom
LabView tool in order to first eliminate X-rays and then
subtract the background from the signal. This tool
becomes mandatory for the analysis of ODR signals which,
being of the same order of magnitude and even weaker
than the background, are covered by it.

5. Summary and conclusions

The presence of an unavoidable background, together
with non-optimal beam conditions, was a severe limitation
for a rigorous reconstruction of the beam parameters from
the ODR angular distribution.

Nevertheless, we were able, even at this low energy, to
detect a clear signature of optical diffraction radiation
which has allowed us to prove a satisfactory agreement
with simulations. In addition, the effort put in the data
post-processing to clean images from X-rays and to prop-
erly subtract the synchrotron radiation background has
permitted to extract a preliminary beam emittance from
the collected data.

Since FLASH is operated most of the time as a FEL
user facility, the beam time for dedicated studies, like our
experiment, is limited.

Our next and last measurements are planned in January
2008 with an electron beam energy of about 1 GeV, which
means more than a factor of 2 in the radiation intensity.
Furthermore, to reduce the influence of the radiation back-
ground we mounted a new thin shield in front of the target

and replaced the holder with one which is machined such
that reflections are strongly suppressed. The higher energy
and the improved layout, together with better conditions of
the beam, give us confidence in completing the experiment
successfully.
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