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Abstract

Standard transverse beam profile measurements at the
European XFEL are based on scintillating screen monitors
using LYSO:Ce as scintillator material. While it is possible
to resolve beam sizes down to a few micrometers with this
material, the experience during the XFEL commissioning
showed that the measured emittance values were signifi-
cantly larger than the expected ones. In addition, beam pro-
files measured at bunch charges of a few hundred pC showed
a ’smoke ring’ structure. While coherent OTR emission
and beam dynamical influence could be excluded, it is as-
sumed that the profile distortions are caused by effects from
the scintillator material itself. Following the experience in
high energy physics, a simple model was developed which
takes into account quenching effects of excitonic carriers
inside the scintillator in a heuristic way. Based on this model,
the observed beam profiles can be understood qualitatively.
Possible new scintillator materials suitable for beam profile
diagnostics are discussed and preliminary test results from
beam measurements at the European XFEL are presented.

INTRODUCTION

Transverse beam profile diagnostics in electron linacs
is widely based on optical transition radiation (OTR) as
standard technique which is observed in backward direc-
tion when a charged particle beam crosses the boundary
between two media with different dielectric properties. Un-
fortunately, microbunching instabilities in high-brightness
electron beams of modern linac-driven free-electron lasers
(FELs) can lead to coherence effects in the emission of OTR,
thus rendering it impossible to obtain a direct image of the
particle beam and compromising the use of OTR monitors
as reliable diagnostics for transverse beam profiles. The
observation of coherent OTR (COTR) has been reported by
several facilities (see e.g. Ref. [1]), and in the meantime the
effect of the microbunching instability is well understood [2].

For the European XFEL it was therefore decided to use
scintillation screen monitors because the light emission in
a scintillator is a multistage stochastic process from many
atoms which is completely insensitive to the longitudinal
bunch structure. In a series of test measurements performed
in the past few years, the applicability of inorganic scintilla-
tors for high resolution electron beam profile measurements
was investigated [3,4]. Most notably, the dependency of
the resolution on the scintillator material and on the obser-
vation geometry was studied with respect to resolve beam
profiles in the order of several tens of micrometers, and it
was concluded that LYSO (Luy (| _y) Y7,Si05:Ce) is a suit-
able material because it gives the best spatial resolution.
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Based on these measurements, screen monitor stations were
designed for the European XFEL using 200 um thick LYSO
screens [5]. In a high resolution beam profile measurement
using an XFEL-type screen it was demonstrated that it is
possible to resolve a vertical beam size of o, = 1.44 um [6].

However, the experience during the commissioning of
the XFEL showed that the measured emittance values were
significantly larger than the expected ones [7,8]. In addition,
beam profiles measured at bunch charges of a few hundreds
of pico-Coulomb show a ‘smoke ring’ shaped structure, see
e.g. Fig. 1.
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Figure 1: (a) Typical smoke ring shaped beam profile as
measured with an XFEL screen monitor based on a 200 um
thick LYSO screen. (b) Various horizontal cuts through the
2D-profile demonstrate the intensity drop in the central part
of the beam spot.

While the contribution of COTR emission from the scintil-
lator surface, beam dynamical influence, and camera effects
could be excluded to explain this observation, it is assumed
that the beam profile distortions are caused by effects from
the scintillator material.

In Ref. [9], a simple model was presented which takes
into account quenching effects of excitonic carriers inside
a scintillator in a heuristic way. Based on this model, the
observed beam profiles could be understood qualitatively. In
the following, the underlying ideas are briefly summarized
with the emphasis on first results from beam measurements at
the European XFEL with new scintillator materials suitable
for beam profile diagnostics.

SCINTILLATOR MODEL

Degradation effects in scintillator based beam profile mea-
surements are reported in a number of publications, see e.g.
Refs. [10-15]. The scintillator influence is mainly inter-
preted as saturation of the measured profiles, caused e.g. by
full excitation of the luminescent centers in some regions
inside the scintillator. While inspecting Fig. 1 it is obvious
that the XFEL observations cannot simply be described by
a saturation effect which would result in a flattening of the
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[a)
E measured beam profiles. It rather leads to the conclusion
E" that luminescent centers may even be quenched in the central
Z part of the beam spot such that the scintillating light intensity
2 is decreased in these regions.

Taking into account the experience of high energy physics,
it is known that scintillator based electron calorimeters
posses a non-linear energy resolution, and the degree of non-
linearity depends on the scintillator material. Following the
explanations e.g. in Ref. [16] this effect can be attributed to
< the ionization density inside the material: if the density is
above a critical limit, excitonic states can annihilate in an
£ Auger-like process without creating a scintillating photon. In
o case of calorimetry the critical ionization density occurs at
E the end of a particle shower where the particle energy loss is
£ dominated by the kinematical factor 872 (8 = v/c) according
E to the Bethe—Bloch equation. As a result, the relative light
E yield in a scintillator typically decreases with decreasing
electron energy, see e.g. Ref. [17] and the figures therein.
Following Refs. [16, 18], an improvement of the scintillator
linearity should in principle correlate with the minimization
of the interaction time of excitonic states (electron/hole pairs,
excitons, ...) with surrounding traps such that their energy
transfer to luminescent centers is unperturbed.

thor(s), title of the work, pub
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Translating this principle to the case of beam profile diag-
nostics of ultra-relativistic electron beams, the main idea is
that the ionization track density which is responsible for the
non-linear scintillator behavior is determined by the primary
beam particle density rather than by the secondary energy
of shower particles. Following Ref. [9] the ionization tracks
> inside a scintillator can be modeled as straight tubes, homo-
< geneously filled with electrons and holes. The tube radius
& is estimated by the Fermi radius Rs ~ ¢ /v, with @, the
plasma frequency of the material. While dynamical pro-
cesses in scintillators take place in the order of 10~12-10~10
s, the charges inside the ionization tubes can be considered
as static with respect to the particle beam dynamics. The
situation is schematically depicted in Fig. 2 for the case of
a beam with low and with high particle density. Due to the
static behavior of the ionization tubes, for the description of
the ionization track density a two-dimensional representa-
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Figure 2: Passage of individual electrons through a scintilla-
< tor in the case of (a) low and (b) high particle density. Each
g electron creates a homogeneous ionization tube. Due to the
= static behavior of the ionization tubes a two-dimensional
8 representation is sufficient.
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tion is sufficient as shown on the right side of this figure. In
order to estimate particle track densities in cases of a beam
with high particle density, a simple geometrical model is
used in which the density is estimated as the sum of tube
area and track intersections.

Based on these illustrative assumptions, distorted beam
profiles are calculated in four consecutive steps. In the first
step, the transverse particle beam profile (which is assumed
to be Gaussian in the following) is transformed into a 2D
surface density profile describing the local particle density.
In the second step, the mean distance between the ionization
tubes is calculated considering the nearest neighbor distri-
bution. With knowledge of the mean distance, afterwards a
regular grid of neighboring tubes is constructed and the den-
sity of the local tracks n,(x,y) is geometrically estimated as
described above. Finally, for each point of the beam profile
a weighting factor w(x,y) is calculated

1

wx,y) = ——g——
Y 1+a%(x,y)

which is similar to the formula of Birks [19] describing
the non-linearity in the scintillator light yield. Here it is
assumed that % o n? and « is a freely adjustable parameter
describing the quenching strength.
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Figure 3: Calculated beam profiles according to the model
described in this work. Starting with typical XFEL beam
parameters (a) and assuming that ¢ = 6.4 x 107>, beam pro-
files for increased bunch charge (b) or decreased horizontal
beam size (c,d) are shown.

As an example, Fig. 3 shows calculated beam profiles
according to the proposed model presented. Starting with a
Gaussian beam profile and typical XFEL beam parameters
(a) it can be seen that both increasing the bunch charge (b)
and reducing the beam size (c,d) may result in a pronounced
beam profile degradation which is caused by an increase
in the local ionization track density in the central part of
the beam interaction region with the scintillator. Thereby it
is possible to produce smoke ring shaped beam profiles as
observed at the XFEL.
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MITIGATION AND FIRST TEST
EXPERIMENTS

Based on to the model described in detail in Ref. [9]
and summarized in the previous section, smoke ring shaped
beam profiles as observed at the European XFEL can be
reproduced. The model takes into account quenching effects
of excitonic carriers inside a scintillator in a heuristic way,
the level of quenching in the central part of the beam gener-
ated spot depends on bunch charge and beam size, i.e. it is
controlled by the particle density. However, the model pro-
vides no information about suitable scintillator materials for
beam profile diagnostic applications because the quenching
strength « introduced before is a freely adjustable parameter
without direct connection to accessible material properties.

In this context it helps again to refer to the experience
of the scintillator community for high energy physics. As
shown in Ref. [17], “silicate” based scintillators as LSO,
YSO, LPS where the oxygen is intimately bound to the
silicon as a SiO}~ moiety exhibit a strong non-linear be-
havior, the same holds for LYSO which has similar proper-
ties than LSO. In the same reference it is pointed out that
exciton-exciton quenching in LuAG doped either with Ce or
Pr should be small. However, the resolution study performed
in Ref. [4] indicated that the spatial resolution of a LuAG
scintillator was worse compared to a LYSO screen. There-
fore other materials could be more promising. As previously
mentioned, improving the linearity of a scintillator should in
principle correlate with the minimization of the interaction
time of excitonic states. In this context scintillator materi-
als where gadolinium is stochiometrically incorporated in
the crystal structure seem to be promising [17]. In these
materials it is assumed that excitation carriers can rapidly
transfer their energy to excited states of gadolinium, and a
rapid migration of this energy among the Gd sub-lattice is
expected until a Ce doping ion is reached. According to
Ref. [20] YAP could also be an interesting material because
it exhibits a high mobility of excitonic carriers which may
reduce the quenching probability.

In order to test scintillator materials for beam profile di-
agnostics under realistic conditions, a number of screen
stations at the European XFEL was equipped with a LYSO
screen together with an additional screen material. Three
different materials were selected for first tests, YAG (yttrium
aluminium garnet, Y3Al;504,:Ce), YAP (yttrium aluminium
perovskite, YA1O5:Ce), and GAGG (gadolinium aluminium
gallium garnet, Gd; Al,Ga3;0;,:Ce). While YAG is a ma-
terial which is widely in use in particle beam diagnostics,
YAP has a high mobility of excitonic carriers, and GAGG

Table 1: Scintillating Screen Materials under Test

material yield [ph/keV] 2, [nm] p [g/em?]
YAG 15-35 550 4.53
YAP 25 370 5.37
GGAG 50 530 6.7
LYSO 24 420 7.1
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is a material containing Gd, thus the latter two materials
are of potential interest in view of linearity. In Table 1 the
main parameters light yield, maximum emission wavelength
Amax» and density p for the materials under test are summa-
rized. While YAP emits light in the soft ultraviolet which
is not well fitted to the sensitivity of a camera chip, GAGG
is a new non-hygroscopic scintillator material on the mar-
ket with high light yield and well matched to the camera
chip sensitivity, thus attracting special attention for various
applications.
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Figure 4: (a) Comparative resolution study using a YAG
and a LYSO scintillator at the XFEL. The arrows indicate
that measurement where the LYSO beam spot shows the
transition to the smoke ring structure. (b) Corresponding
beam images at the transition point.

In a first test experiment, profile measurements from a
YAG and a LYSO screen were compared for identical beam
and camera parameters. Both screens are mounted in the
same screen station, and beam images were recorded for
individual bunches with charge O, = 1 nC at a beam energy
of about 14 GeV. In Fig. 4(a) a series of measurements is
shown which was taken while the beam sizes were focused
down, thus increasing the ionization track density in the cen-
tral part of the beam interaction region with the scintillator.
As can be seen, the LYSO-based beam size measurements
are systematically larger than the ones with the YAG screen.
Furthermore, starting from a certain particle density thresh-
old the LYSO measurements show a clear signature of a
smoke ring while the YAG measurement is unaffected, c.f.
Fig. 4(b).

Keeping in mind that the occurrence of the smoke ring
structure is connected with quenching of excitation carriers
and causes a decrease of the scintillator light output, it is
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< Figure 5: Normalized intensities for the comparative
'E LYSO/YAG measurement series plotted in Fig. 4. The in-
£ tensity drop is an indication for the onset of scintillator non-
2 linearities.

illustrative to plot this light yield for the individual measure-
ments as shown in Fig. 5. For better comparison, intensities
are normalized to the one of the first measurement where no
influence of a smoke ring structure is visible. As can be seen
from this figure, the light yield of both screens is decreased
while focusing the beam, thus indicating that in principle
both screen materials are affected by non-linearities. In the
case of LYSO this effect seems to be more distinct due to
the visibility of the smoke ring structure.

The test experiment was repeated with another screen
station where a YAP and a LYSO screen are installed to-
gether. While the beam energy was comparable to the pre-
vious measurement series, the bunch charge amounted to
0, =0.45nC. However, as shown in Fig. 6 the beam spot
could be focused down to much smaller sizes such that the
maximum peak charge density which was roughly estimated

h

(a) 160 2
——0vso ——0rs0
—e—vap ——p

Vit size, [um]

Measurement # Measurement #

LYSO YAP

(b)

Y, (mm)

05 0 05
X, [mm] X, [mm]

Figure 6: (a) Comparative resolution study using a YAP and
a LYSO scintillator. The arrows indicate that measurement
for which the beam images in (b) are plotted.
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Figure 7: Normalized intensities for the comparative
LYSO/YAP measurement series plotted in Fig. 6. The inten-
sity drop for the LYSO screen is much smaller than in the
previous measurement because all LYSO based profile mea-
surements showed a smoke ring structure, thus the reference
intensity is already affected by non-linearities.

to about 62 fC/um? was significantly higher than in the pre-
vious experiment.

As can be seen from Fig. 6(a), the LYSO-based beam
size measurements are again systematically larger than the
ones with the YAP screen. In this experiment it was even
not possible to increase the beam size to a level that no
smoke ring structure was measured with the LYSO screen,
already the first measurement is affected by this effect, c.f.
the measured beam images in Fig. 6(b).

However, even for these large charge densities the YAP
based beam images were undisturbed, as shown in Fig. 7 the
drop in the normalized intensity is in the order of about 1%
over the whole range of measurements.
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Figure 8: (a) Comparative resolution study using a GAGG
and a LYSO scintillator. The arrows indicate that measure-
ment where the LYSO beam spot shows the transition to the
smoke ring structure. (b) Corresponding beam images at the
transition point.
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In the last test experiment, a GAGG screen was com-
pared to LYSO, beam energy and bunch charge were the
same Z for the previous YAP measurements. In this ex-
periment, the achievable minimum beam size was slightly
larger than before (c.f. Fig. 8(a)), the maximum peak charge
density was roughly estimated to about 28 fC/um?. Again
the LYSO-based beam size measurements are systematically
larger than the ones with GAGG, and starting from a certain
particle density threshold the LYSO measurements show a
clear signature of a smoke ring structure while the GAGG
measurements are unaffected, c.f. Fig. 8(b).
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Figure 9: Normalized intensities for the comparative

LYSO/GAGG measurement series plotted in Fig. 8.

This behaviour is reflected in the normalized intensity
which is depicted in Fig. 9. In this case, the drop for GAGG
is in the order of about 2% over the whole range of measure-
ments while the one for LYSO amounts to about 10%.

Compared to the first test experiment with YAG, the drop
of the normalized LYSO intensity is much smaller for the
GAGG measurement. Presently it is not clear where the
difference is coming from, this is a point for future investi-
gations.

SUMMARY AND OUTLOOK

Based on to the observation of smoke ring shaped beam
profiles using screen monitor stations at the XFEL which uti-
lize LYSO as standard scintillator material, a simple model is
presented which takes into account quenching effects of ex-
citonic carriers inside a scintillator in a heuristic way. With
the help of this model, it is possible to reproduce smoke ring
shaped beam profiles: the level of quenching in the central
part of the beam generated spot in the scintillator depends
on bunch charge and beam size, i.e. it is controlled by the
particle density.

Improving the linearity of a scintillator should in principle
correlate with the minimization of the interaction time of
excitonic states. Based on the experience of high energy
physics, gadolinium based scintillator materials like GAGG
or YAP with its high mobility of the excitation carriers could
in principle be interesting for future applications.

A series of test experiments was conducted at the Euro-
pean XFEL. In these experiments, beam images measured
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with standard LYSO screens were compared to YAG and
to YAP/ GAGG-based measurements. It could be demon-
strated that LYSO as scintillator material shows strong non-
linearities which render its application difficult in particle
beam diagnostics. Even YAG which is widely used for beam
profile measurements seems to show non-linear behaviour.
However, smoke ring like structres could not be observed
with this material. At the other hand, YAP and GAGG
demonstrated to have a rather stable behaviour even at high-
est charge densities. Presently, more detailed studies are in
preparation. Nevertheless it is planned already now to re-
place screens in the XFEL injector by GAGG as scintillator
material.
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