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Abstract

Scintillation screens made of various inorganic materials

e widely used for transverse beam profile diagnostics at all
kinds of accelerators. The monitor principle is based on the
particles’ energy loss and its conversion to visible light. The
resulting light spot is a direct image of the two-dimensional
beam distribution. For large beam sizes standard optical
techniques can be applied, while for small beam sizes ded-
icated optical arrangements have to be used to prevent for
image deformations. In the modern linac based light sources
scintillator usage serves as an alternative way to overcome
limitations related to coherent OTR emission. Radiation
damages and intensity based saturation effects, in depen-
dence of the screen material, have to be modelled. In this
proceeding, an introduction to the scintillation mechanism
in inorganic materials will be given including practical de-
= mands and limitations. An overview on actual applications
E at hadron and electron accelerators will be discussed as sum-
.2 mary of the Joint ARIES-ADA Workshop on ‘Scintillation
2 Screens and Optical Technology for transverse Profile Mea-
2 surements’ held in Krakow, Poland [1].
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INTRODUCTION / APPLICATION

Scintillators are used since the early days of nuclear
! physics. In hadron and electron accelerators they are used
for transverse beam profile measurements and in high energy
5 physics for particle detection and tracking.

Profile measurements are important for controlling the
spatial distribution of the particle beam, as well as the match-
ing of different sections of the accelerator. The performance
and safe operation of particle accelerators is closely con-
nected to the matching of the transverse beam distribution.
Scintillating screens are a direct, but intercepting, method to
observe transverse beam profiles. A measurement can hardly
be more intuitive than to see a beam spot right in the centre
of a scintillating screen. One typical realisation is shown
in Fig. 1. For this reason many investigations have been
done over years to achieve precise monitoring of the parti-
cle distribution along accelerator chains with scintillating
screens.

Over the last century a large number of organic and inor-
anic scintillators in all physical states were discovered. In
iagnostics inorganic solid state scintillators, such as crys-

- tals, powder crystals or ceramics, are mainly used. The
response of scintillating materials depends on beam parame-
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ters such as energy, intensity, ion species and time structure.
Therefore, scintillating materials have to be tailored with re-
spect to specific application demands required at accelerator
facilities. Due to the direct beam interaction, many investi-
gations described in this paper were performed for particle
fluxes much higher than for typical scintillator applications
in medical imaging or high energy physics. Table 1 gives a
simplified overview of scintillator usage in beam diagnostics
at ion and electron accelerators, and typical high-energy
physics applications, e.g. PANDA detector at FAIR.

Precise measurements of the size, profile and position
of a particle beam striking a scintillating screen requires a
carefully designed optical system to transfer the scintillation
light to the camera, so the true particle distribution can be
reconstructed. Aim is to capture a clean, sharply focused
image of the scintillation plane, free of distortion, optical
aberrations, non-linearity, or optical backgrounds.

SCINTILLATION

A beam of ionizing radiation passing through a scintilla-
tor generates electronic exicitations. The relaxation of elec-
tronic excitations involves complex mechanisms which can
be described using a scheme of the electronic band structure
of the crystalline scintillator. As proposed by Vasil’ev [2],
the general time-dependent scheme of scintillation can be
described in five main stages. The first stage starts with the
production of primary excitations (deep core holes and hot
electrons) by interaction of ionizing particles with the ma-
terial. In a very short time (10716-10~14s) a large number
of secondary electronic excitations is produced by inelastic
electron—electron (e—e) scattering and Auger processes with
creation of electrons in the conduction band and holes in
core and valance bands. This multiplication is stopped when
the energy of electrons and holes becomes lower than the
threshold of e—e scattering and Auger relaxation. The second
stage deals with the thermalization of electrons and holes
with the production of e.g. phonons. In the third stage local-
ization of the excitations through their interaction with stable
defects and material impurities can take place. It may occur
together with formation of self-trapped excitons (trapping
due to lattice relaxation, not attributed to crystalline defects
or impurities) and holes in the crystal lattice, the capture of
electrons and holes by traps, etc. As a result, these centers
have localized states in the band gap. The two last steps are
related with migration of relaxed excitations and radiative
or/and nonradiative recombination of localized excitations
(fourth stage). The localization of excitations is sometimes
accompanied by a displacement of atoms (defect creation,
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Figure 1: Typical setup of a scintillating screen in beam diagnostics application.

Table 1: Simplified Overview of Scintillator Usage in Beam Diagnostics and High Energy Physics

Ion Diagnostic

Electron Diagnostic High Energy Physics

Application Primary beam on screen,
transverse beam profile

Particle energy 1keV/u - 100 GeV/u

Spot size Imm-1cm
Particle rate very high
Dose rate very high
Energy deposition very large
Saturation expected
Modification expected

Primary beam on screen,
transverse beam profile

Detection of secondary par-
ticles, tracking, timing

100keV — 10 GeV up to 10 GeV
1 pm— 1 mm Icm—100cm
very high low

high low

medium low

possible none

possible low

photo-stimulated desorption). The fifth stage describes the
luminescence of emitting centers excited by the final elec-
tronic excitations (correlated electron-hole pairs, excitons,
separated electrons, holes, etc.) through sequential capture
of charge carriers or various energy transfer processes.

The scintillation mechanism as described in detail above
is a complicated process, variable for different materials and
influenced by several factors like:

» Temperature: thermal quenching is related to electron-
phonon interactions and may lead to radiation-less pro-
cesses. In the typical case, with rising temperature the
light yield of the material and the decay time decreases.

» Concentration of luminescence centres: the interaction
between luminescence centres increases with their den-
sity in the material. At high densities, energy migration
through non-radiative energy transfer might take place.

* Impurities in material: killer ions can compete with
active ions and limit the scintillation efficiency.

* High energy deposition: relaxation of electronic exci-
tation might lead to the formation of nanometric scale
regions containing several electronic excitations sepa-
rated by a short distance (local density-induced quench-
ing).

In beam diagnostic applications, the energy conversion

from incoming ions or electrons is even a more complicated
process. Due to high energy deposition in the scintillat-
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ing material several non-proportional effects as described
in [3-5] have to be considered. A simple analytical model
was proposed by Michaelian et al. [6] for the ion-induced
scintillation response of detector materials. With this model
predictions over a wide range of incident ion species and

energies are obtained. The fundamental variables charac- :

terizing the luminescent response of the ion-target material
interaction are found to be the velocity v and effective charge
Zos Of the incident ion and the effective charge Z_g, mass A,
mass density p and the quenching energy density pg of the
material. Two more material specific constants are required
characterizing the energy to light conversion process for the
impurity activated inorganic and the organic materials.

Inorganic scintillators are widely used for the detection of
ionizing radiation. In the past decades significant progress in
the discovery of many new materials and description of the
basic physical processes has been made. Reviewing many
beam diagnostic applications [7] among the most important
properties of a good scintillator are:

« sufficient efficiency in energy conversion into light,

¢ large dynamic range and good linearity between inci-
dent particle flux and light yield,

* emission spectra matched to the spectral response of
the photon detector (e.g. standard CCD camera),

* no absorption of emitted light inside the bulk material
to prevent artificial broadening by stray light,
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* short decay time for observations of time dependent
beam size variations and reduction of saturation effects,

* good mechanical and thermal stability,

* high radiation hardness to prevent material damages.

The most widely used materials for manufacturing of

scintillating screens in beam diagnostics are the following:

e Crystals e.g. YAG:Ce (Y;Al;04,:Ce), BGO
(Bi4Ge3012), LYSO (Lul.gYOQSiOS:CC) or CWO
(CdWOy,). Scintillators made of single crystals have
been proposed for beam diagnostics long time ago.
However, their usage is limited by the demand of
screens in big sizes. Crystals give good light yield,
but show degradation effects under high current beam
irradiations.

e Powder crystals e.g. P43 (Gd,0,S:Tb), P46
(Y;5Al504,:Ce) or P47 (Y,Si5O5:Tb). These screens
are manufactured by deposition of luminescence pow-
der on a glass or metal base. They can be designed in
flexible sizes and shapes, but easily damaged due to
mechanical stress. The sensitivity of such phosphors is
high and they are characterized by good linearity. The
emitted light is reflected many times in the material be-
fore the exit from the grain of the powder. This leads to
scintillation of the whole grain, whereas the resolution
is limited by the average grain size.

e Ceramics e.g. ZrO,:Al, ZrO,:Mg, ZrO,:Y, Al,O3,
ruby ceramics (Al,O5:Cr), AIN or BN. Ceramics
screens are usually made by sintering of powder. These
materials have moderate light yield, but their radiation
hardness and thermo-mechanical properties are better.

SCREENS FOR ION BEAMS

The energy loss of particle beams in material is described
by the Bethe-Bloch equation

2
_d_E:% e In M - B%|. (D)
dx m,c ﬁ2 43780 I(]—ﬁz)
S The energy loss depends on the charge z and the velocity
£ B = v/c of the incident particle and the electron density n
% and mean excitation potential / of the target material. The

%]

g electron density is given by the atomic number Z, the den-
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% sity p and the inverse of the mass: n = i—ﬁ. The mean
S excitation potential is proportional to the atomic number.
ﬂg An approximation given by Bloch is I = (10 eV) - Z [8].
5 Figure 2 shows the energy loss of a ©3Cu beam in an Al,O;
§ scintillator. Even for low energy ion beams with energies of
2 a few MeV/u the nuclear stopping is negligible w.r.t to the
& electronic stopping. The maximum electronic stopping is at
E approximately 3 MeV/u.

The energy loss of high energy ion beams with kinetic
= energy E;;, > 100MeV/u in material is low (cf. Fig. 2
= green shaded area). The particle range is larger than the
£ screen thickness and they deposit less energy in the material,
= leading to less material heating around the ion track; this is
‘q"é confirmed by comparing the radiation damage as a function
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of fluence for ions in the range of MeV/u to the significantly
lower damage of ions in the range of several 100 MeV/u.
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Figure 2: Energy loss of 3Cu in Al,05 by electronic (red
line) and nuclear stopping (blue line). The red area indicates
low energy ion beams, the green area high energy ion beams.

During several investigations, the several inorganic scintil-
lators showed a great stability as reported in [9]. Non-linear
characteristics, e.g. due to quenching during irradiation at
high beam intensities, were not observed. The light yield S
showed a tendency to decrease with increasing calculated
electronic energy loss dE/dx. The characteristics of the cal-
culated beam profiles as well as the recorded emission spec-
tra did not change significantly. Neither structural variations
nor material defects, induced by the ion irradiation, were
proven with analytical methods like UV/VIS transmission
spectroscopy, X-Ray diffraction and Raman fluorescence
spectroscopy and the given ion fluencies.

In case of low energy ion beams several degradation
effects have been observed. E.g. over the time standard
used Chromox screen was fading [10], Al,O5 light yield
decreased and ZrO, surface was coloured [11]. Low energy
ion beams 1 MeV/u < Ey;,, < 100 MeV/u have a large energy
loss in material (cf. Fig. 2 red shaded area) which results in
large damage in the scintillator.

To investigate the radiation damage processes in detail,
the un-doped Al,O5 was investigated with different ions in
the energy range 0.5 to 5.9 MeV/u within a broad range of
fluences up to some 1014 cm~2 at GSI [12]. The ion induced
displacements at some MeV/u ions are not attributed to nu-
clear stopping. The damage is caused by the large electronic
stopping power (close to the maximum of Bethe-Bloch equa-
tion), which heats the material around the ion track and leads
to amorphisation and therefore for an increasing density of
colour centres. Al,Oj is an intrinsic scintillator, the lumi-
nescence is originated from different colour centres with
maxima in the wavelength range of A from 322 to 413 nm.
After radiation with a low fluence like 102 cm~2, the surface
of the ceramic discoloured at the beam spot; the additional
colour centres are created. The light yield during irradiation
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Figure 3: Light emission spectrum of Al,Oj5 after first pulse
(top) and after 100 pulses (bottom). Beam parameters:
Ca'%*, 48MeV/u, 5 - 10'%ppp in 3.3 ms. Lines indicate
the emission lines of the color centers [13].

decreases, but the rate depends significantly on the colour
centre type, the F'* centre (maximum at A= 326 nm) is much
more radiation hard than other centres (cf. Fig. 3) [12].
The decreasing light yield S as a function of fluence ® can
be described by the so called Birks model which uses macro-
scopic quantities damage cross section ¢ p, and quenching

ratio K
1

=50 TR —opopd) )

S(®)

The light yield caused by radiation damage decreases initially
proportional to Sp/ (1 + Ko p®), but levels off to a constant
level Sy/ (1 + K) for large fluences. In Fig. 4 experimental
results for an Al,O5 screen irradiated with a low energy Cu
beam are plotted. The Birks fit shows good agreement with
the observed data [12]. This behaviour is explained by an
increasing probability that a projectile induced displaced
atom is stopped in a corresponding location cancelling the
damage effects [13]. The Birks model was applied to other
ceramic scintillators showing the same general behaviour
and turn out to be also good fit for measurements decay of
Al,O5:Cr at the Spallation Neutron Source reported in [14].

The investigations reported in [12] show, that Al,O; is
most radiation hard, i.e. has lowest damage cross section
and low quenching ratio. Analysis of the optical absorption
measurements show that the degradation of the scintillation
yield can be decelerated significantly or even stopped at ele-
vated temperatures (575 to 773 K), but decrease of the yield
by the thermal quenching must be considered. Heating of the
target represents an effective tool to increase usable lifetime
of the scintillating screen. After thermal annealing of 1h
at 1073 K Al,O5 regains its original properties [12]. Ther-
mal annealing would enable precise profile and emittance
measurements even for high beam currents at low energies.

SCREENS FOR ELECTRON BEAMS

While ion beam size is in the range from mm to cm
the electron beam size ranges from below 1 mm down to
some pm. The standard method determine the transverse
beam profile in electron machines uses the optical transition
radiation (OTR). OTR is a classical electro-dynamic pro-
cess, as produced by a charged particle crossing the boundary

Transverse profile and emittance monitors

IBIC2019, Malmo, Sweden
ISSN: 2673-5350

JACoW Publishing
doi:10.18429/JACoW-IBIC2019-TUBOO1

Material property for Al,O,:
linear regime sub-linear regime  saturation

e =ar
& G, =T

rel. light yield S() /5(0)

----- Fit nach Birks

Linearer Fit
0,0 L " i " i 1 L n " " L
0,0 5.0x10™ 1.oe10™

Fluence @[lons/cm?]

Figure 4: Relative light yield S(®) /S, of Al,O; irradiated
with a 0.5 MeV/u Cu beam. Measured data (black), Birks fit
withop = 2.64- 10-14cm? and K = 5.93 (red dashed) [12].
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between two media of different dielectric constants. Scin-
tillating screens are commonly used for transverse profile
measurements at low energy electron machines where the
intensity of OTR is rather low. Linac based FELs produce
ultra-short bunches with low longitudinal emittance (en-
ergy spread). The high peak current and microbunching
instability conspire to generate Coherent Optical Transition
Radiation (COTR) at the surface of all profile monitor screen
materials. The COTR is both unstable and many orders of
magnitude brighter. Standard beam profile measurements
based on OTR may be hampered by coherence effects. By
using a scintillation screen in combination with a fast gated
CCD camera, coherence effects can be suppressed, as OTR
is created in an instantaneous process while scintillation
light has a certain decay time.

Comparisons between YAG screen, OTR and wire scanner
showed good agreement between all three methods down to
60 pm. Even the detailed beam structure during one bunch
was observed with the Y3AlsO4,:Ce screen [15, 16]. Inves-
tigations of several scintillators were done with a 855 MeV
cw electron beam of beam size 25 pm with currents between
10 pA and 50 nA [17]. The first observation is the material
dependency of the observed beam size. The beam size mea-
sured with different 0.3 mm thick scintillating screens varies
between 25.5 pm (CRY019) and 34.2 um (Y3Al504,:Ce).
The beam size measured with scintillating screens is always
larger than measured with OTR. In principle, this obser-
vation is confirmed by [18], although the results for some
materials deviate quantitatively. This might be due to differ-
ent scintillator thicknesses, material treatment (ITO coating),
or beam parameters. The second observation is a strong de-
pendency on the optical setup, which is independent of the
screen material [17, 18] (cf. section Optical Setup for de-
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dD

£ tails). The third observation is a dependency of the observed
5 beam size on the thickness of the scintillator [17, 19].
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@ Figure 5: Calculated beam profiles using the simple model to
_g describe smoke ring shaped beam distributions as observed
2 at the European XFEL. A Gaussian profile (left) results in
2 smoke ring shaped beam profiles by increasing the bunch
3 charge (middle) or reducing the beam size (left) [20].

It was decided for the European XFEL to measure trans-
verse beam profiles based on scintillating screen monitors
using LYSO:Ce. While it is possible to resolve beam sizes
down to a few micrometers with this scintillator, the expe-
during the XFEL commissioning showed that the
2 measured emittance values were significantly larger than the
E expected ones. In addition, beam profiles measured at bunch
8 charges of a few hundred pC showed a *smoke ring’ structure.
= While COTR emission and beam dynamical influence can be
f excluded, it is assumed that the profile distortions are caused
2 by effects from the scintillator material. A simple model
% was developed which takes into account quenching effects of
-'§ excitonic carriers inside a scintillator in a heuristic way [20].
£ Based on this model, the observed beam profiles can be un-
2 derstood qualitatively as a non-linear effect of the scintillator
< (cf. Fig. 5). For LYSO scintillators, the high density thresh-
; olds were in the order of 1 nC beams into 100 pm. Currently,
N different screens to reduce this effect are under investigation,
?5 both theoretically and experimentally. Theoretically, the
: quest is focused on Gadolinium-based scintillators (where
e charge carriers rapidly transfer their energy to the excited

< state of Gadolinium), or YAP (where high mobility of exci-
>4 tation carriers reduce the quenching probability). The first
U tests with YAP and YAG:Ce showed better results than with
< LYSO [20].

Another non-linear effect of the scintillator has been re-
ported in [21]. There is an overestimation of the beam size
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due to saturation. The saturation modifies the original Gaus-
sian distribution with a reduction factor. Measurements with
LYSO, YAG:Ce and BGO indicate that saturation occurs
above 1 nC/mm?.

With boron nitride nano tubes a new scintillator material
was presented during ARIES-ADA Workshop, having the
advantage that it is very radiation resistant and suitable for
high power beam applications. The first experiments with
this material were performed for beam energies from 300 keV
up to 11 GeV and first results can be found in [22].

OPTICAL SETUP

The measured beam size does not depend on the scin-
tillator material only. Using scintillating screens for high
precision measurements requires carefully designed opti-
cal setups. One typical realisation is shown in Fig. 1 and
Fig. 6 (a). The scintillating screen is inserted into the beam
under an angle of 45°. Through a viewport, located at 90°
with respect to the beam, a camera observes the screen. Sev-
eral others commonly used layouts to image the scintillation
light onto detector are applied in beam instrumentation as
shown in Fig. 6 (b)—(d). Direct detection of the light Fig. 6 (b)
may easily lead to radiation damage of the detector and prob-
lems with implementation into ultrahigh vacuum systems.
In setups with off-axis light detection the horizontal reso-
lution is limited to the scintillator thickness because points
points along the primary beam axis are imaged to different
locations on the detector.

Usage of in-vacuum mirrors as shown in Fig. 6 (c) can
improve the resolution, smaller than thickness of the screen,
however the radiation damage of the mirror which can inter-
act with primary beam can lead to loss of reflectivity. The
field of view is limited by the depth of field of the optical
system. Applying the Scheimpflug principle Fig. 6 (d), in
which object (scintillator), lens plane and detector (image)
plane intersect in the single line, the object plane is com-
pletely in the sharp focus. This improves the field of view,
but the limitation due to the scintillator thickness remains.

In general, the observation of a scintillator of finite thick-
ness d and index of refraction n depends on the angles of the
incident particle a and the observation f. Figure 7 sketches
the geometry. A particle beam generates a scintillating chan-

mirror

N
> S>>
I (I

(c) (d) [b]

o—+—0a

A

Figure 6: Typical optical setups of scintillating screens in beam diagnostics. (a) with tilted screen by 45°, (b) in beam

detector, (c) with mirror, and (d) with Scheimpflug geometry.
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Beam

virtual image

Figure 7: Observation geometry of a scintillation screen.
The beam hits the screen with an angle « and the scintillation
light is observed at an angle 8. Both angles are w.r.t. the
normal of the screen.

nel along its axis through the entire depth of the screen. The
transverse size of this channel depends on the properties of
the scintillator. E.g. powdered scintillators show significant
broadening due to light scattering within the screen volume.
One can consider, a beam with zero transverse size passes
the scintillator undeflected and emission of the scintillation
light is isotropic. The beam generates a scintillating channel
of a length (d/ cos a). The observed transverse size s of the
virtual image is affected by the refraction of the scintillation
light at the boundary between scintillator and vacuum. Snell-
Descartes law of refraction and the observation geometry
lead to

2cos (sin~! A | a
s =dcos B ! + L ( u )

sin 5 cos2 a )
I-= V- P cos a
n
3)
The scintillating channel can be imaged onto a single

point on the detector, i.e. the apparent size is zero (s = 0),
when the viewing angle is

“4)

For a = 0, the ideal observation angle is g = 0, corre-
sponding to the geometry shown in Fig. 6 (b). Such a setup
is often used for observation of low energy electron or ion
beams.

This angle dependency has been verified by experiments.
In[18] alaser beam (4 =410 nm) hits a Y;Al504,:Ce screen
of thickness d = 500 pm at a = 24°. The results are shown
in Fig. 8. The experimental data (circles) confirm the strong
dependency of the observed beam size on the observation
angle. Also experiments with 855 MeV electron beams on
300 um BigGe;0y, screens show the strong dependency of
the observation angle [17].

In addition to the observation geometry, the resolution at
the image plane can be influenced by diffraction at any re-

Bideal = — sin™! (nsin a)
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Figure 8: Dependency of the observed beam size s on the
observation angle . Laser beam (4 = 410nm) at o = 24°
on a Y3Al;0,:Ce screen of thickness d = 500 pm [18].

strictive apertures, around obstructions (dust), or aberrations
due to lens imperfections or refractive index variations in
the optical system. A Schwarzschild objective, consisting of
two concentric spherical mirrors, allows a large numerical
aperture and the elimination of spherical and chromatic aber-
rations. The use of Schwarzschild objectives in scintillation
screens in electron machines has been reported in [23,24].

An important parameter to determine is the point spread
function (PSF) of the optical setup. The PSF is the optical
response of the system to a single point of light. In the case
of a beam profile measurement each charged particle gives
a single point of light in the object plane. The measurement
and/or calculation of the PSF allows a deconvolution of the
image to enhance the resolution.

One example for the strength of this method is given in
[24]. The scintillator properties and the optical setup was
simulated with the optical ray-tracing program ZEMAX®.
The resulting 2-dim. SPF was convoluted with a 2-dim.
Gaussian distribution representing the electron beam profile.
A vertical cut through the maximum was compared with an
vertical cut through the maximum of the measured data from
a 200 pm thick LYSO scintillator. By using this technique it
was possible to resolve a vertical beam size of 1.44 pm with
a scintillating screen.

Today’s possibilities of data acquisition by digital cameras
and the post-processing tools give a lot of possibilities to
increase the performance of scintillator based beam profile
measurements.

CONCLUSION

In general, scintillating screens are a good choice for pre-
cise beam profile measurements in ion and electron ma-
chines. The measured beam profile depends on the observed
beam, the screen material and the optical setup. Therefore,
the higher the demands on the measurement the more care
has to be taken for proper choice of scintillator and optical
setup.
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