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Introduction	to	optical	technologies	&	resolution:	overview

• Motivation:what’s	the	challenge?
• Optical	technologies

– Scintillator-camera	geometries
• Depth-of-field	&	Scheimpflug principle

– Avoiding	aberrations,	key	components
• Telecentric lenses,	filters

– Analytic	design	and	ray	tracing

• Resolution	enhancement
– Screen	thickness

– PSF	and	deconvolution

• Background	suppression
– OTR,	synchrotron	light

Outline
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Motivation:	what	are	the	challenges	when	imaging	a	beam?

• Precise	measurements	of	the	size,	profile and	position of	a	particle	beam	striking	a	
scintillator	screen	requires	a	carefully	designed	optical	system	to	transfer	scintillation	
light	to	the	camera,	so	the	true	particle	distribution	can	be	reconstructed.
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Motivation:	what	are	the	challenges	when	imaging	a	beam?

• Precise	measurements	of	the	size,	profile and	position of	a	particle	beam	striking	a	
scintillator	screen	requires	a	carefully	designed	optical	system	to	transfer	scintillation	
light	to	the	camera,	so	the	true	particle	distribution	can	be	reconstructed.

• Aim	to	capture	a	clean,	sharply	focused	image	of	the	scintillation	plane,	free	of	
distortion,	optical	aberrations,	non-linearity,	or	optical	backgrounds	(OTR).
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam
spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators
is closely connected to the matching of the transverse beam dis-
tribution (see Fig. 2). For this reason, many investigations have
been done over the years to precisely monitor the particle dis-
tribution along accelerator chains with scintillating screens.
Reviewing common applications [1], among the most impor-

tant properties of good scintillators are:
• sufficient efficiency in energy conversion into light;
• large dynamic range and good linearity between incident
particle flux and light output;

• 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;

• 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 scintil-
lating screens in beam diagnostics are the following:

TABLE I
SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

• Crystals, e.g., YAG:Ce , BGO
, LYSO or CWO

. Scintillators made of single crystals have been
proposed for beam diagnostics a 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.

• Powder crystals, e.g., P43 , P46
or P47 . These

screens are manufactured by deposition of luminescence
powder on a glass or metal base. They can be designed in
flexible sizes and shapes, but easily damaged due to me-
chanical 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 before 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.

• Ceramics, e.g., , , , ,
ruby ceramics , AlN 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.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-
rameters such as energy, intensity, ion species and time struc-
ture. Therefore, scintillating materials have to be tailored with
respect to specific application demands required at accelerator
facilities. Due to the direct beam interaction, many investiga-
tions described in this paper were performed for particle fluxes
much higher than for typical scintillator applications in med-
ical imaging or high energy physics. Table I gives a simplified
overview of scintillator usage in beam diagnostics at ion and
electron accelerators, and typical high-energy physics applica-
tions, e.g., PANDA detector at FAIR.
Scintillators can reveal complex beam structures (see Fig. 3),

but at low kinetic energies, the deposition of energy and charge
in the intercepting material leads to heating problems and elec-
trical charging. To ensure that the materials used in hadron ac-
celerator facilities will survive the ion bombardment, several
scintillating materials were evaluated and tested.
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Scintillator-camera	typical	setup

• Particle	beam	impinges	on	flat	scintillator	screen,	typically	
angled	at	45	degrees.

• Camera	is	housed	away	from	beam	to	reduce	radiation,	and	
views	the	angled	screen	through	a	vacuum	window.

• A	lens	(system)	is	included	to	form	an	image	of	the	screen	on	
the	sensor	plane.

• Include	light	source	to	illuminate	target.

• Optical	Transition	Radiation	(OTR):
– Generated	by	charged	particles	traversing	the	vacuum	/	screen	

interface	and	can	be	reflected	towards	the	camera.
– Considered	here	as	a	background	to	the	scintillation	light	signal
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam
spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators
is closely connected to the matching of the transverse beam dis-
tribution (see Fig. 2). For this reason, many investigations have
been done over the years to precisely monitor the particle dis-
tribution along accelerator chains with scintillating screens.
Reviewing common applications [1], among the most impor-

tant properties of good scintillators are:
• sufficient efficiency in energy conversion into light;
• large dynamic range and good linearity between incident
particle flux and light output;

• 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;

• 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 scintil-
lating screens in beam diagnostics are the following:

TABLE I
SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

• Crystals, e.g., YAG:Ce , BGO
, LYSO or CWO

. Scintillators made of single crystals have been
proposed for beam diagnostics a 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.

• Powder crystals, e.g., P43 , P46
or P47 . These

screens are manufactured by deposition of luminescence
powder on a glass or metal base. They can be designed in
flexible sizes and shapes, but easily damaged due to me-
chanical 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 before 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.

• Ceramics, e.g., , , , ,
ruby ceramics , AlN 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.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-
rameters such as energy, intensity, ion species and time struc-
ture. Therefore, scintillating materials have to be tailored with
respect to specific application demands required at accelerator
facilities. Due to the direct beam interaction, many investiga-
tions described in this paper were performed for particle fluxes
much higher than for typical scintillator applications in med-
ical imaging or high energy physics. Table I gives a simplified
overview of scintillator usage in beam diagnostics at ion and
electron accelerators, and typical high-energy physics applica-
tions, e.g., PANDA detector at FAIR.
Scintillators can reveal complex beam structures (see Fig. 3),

but at low kinetic energies, the deposition of energy and charge
in the intercepting material leads to heating problems and elec-
trical charging. To ensure that the materials used in hadron ac-
celerator facilities will survive the ion bombardment, several
scintillating materials were evaluated and tested.

Walasek-Höhne and	G.	Kube,	Proc.	
DIPAC‘11,	Hamburg	 (Germany),	p.553	
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Light	generation	and	refraction	at	scintillator-screen

• Consider	scintillator	screen	at	angle	45ο to	incident	beam:
• Each	particle	that	crosses	the	scintillator	creates	an	

ionization	channel,	from	which	light	is	emitted	isotopically	
within	the	volume.

• Refraction	of	this	light	at	the	boundary	affects	the	virtual	
image	size	and	achievable	resolution.

• Scintillator	thickness	is	a	trade-off	:
– Thinner	screen	for	best	resolution
– Stability	of	screen	mount,	thermal	effects.
– Thicker	screen	provides	more	photons.
– Choice	also	depends	on	bunch	energy	and	intensity.	
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Light	generation	and	refraction	at	scintillator-screen
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angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle β such that sin α ¼ n sin β then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].

C. Imaging at arbitrary observation angles

We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle α to
the normal. The primary beam produces a uniformly
radiating slab of length d= cos α, which is observed at a
distance much larger than d, under an angle β to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
We now look at the observation geometry in detail.

Initially, we consider only the chief rays to an observer
located at infinity, i.e., the observation with parallel rays.
From the Snell-Descartes law of refraction [13], we get

sin β
n

¼ sin β0:

Furthermore, the length of l ≔ AB can be calculated as:

l ≔ AB ¼ d
cos β0

and the length of s0 ≔ BC is

s0 ≔ BC ¼ s
cos β

:

The cosine theorem of the triangle ABC yields to:

s02 ¼ l2 þ
!

d
cos α

"
2

− 2l
d

cos α
cosðαþ β0Þ:

From all of the above, the transverse size s of this virtual
image can be derived:

s ¼ d cos β ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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þ 1
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− 2
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ð1Þ

This apparent size is zero (s ¼ 0) exactly when:

βideal ¼ − arcsinðn sin αÞ: ð2Þ

We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).
This result can be generalized to an observer located at a

finite distance, imaging the object with a finite entrance
pupil. The refraction at the surface of the crystal makes the
virtual image appear closer to the observer, as shown in
Fig. 2(b). The ideal focusing point of the camera has to be
shifted by a fraction of the scintillator thickness. If we
assume that the diameter of the entrance pupil of the lens is
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FIG. 2. Observation of light from a scintillating crystal. (a) Ideal observation angle, observing the Snell-Descartes law of refraction.
(b) Situation for an arbitrary observation angle β.

TRANSVERSE PROFILE IMAGER FOR ULTRABRIGHT … Phys. Rev. ST Accel. Beams 18, 082802 (2015)
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• Consider	scintillator	screen	at	angle	α to	incident	beam:
• Each	particle	that	crosses	the	scintillator	creates	an	

ionization	channel,	from	which	light	is	emitted	isotopically	
within	the	volume.

• Refraction	of	this	light	at	the	boundary	affects	the	virtual	
image	size	and	achievable	resolution.

General	case
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Light	generation	and	refraction	at	scintillator-screen
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angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle β such that sin α ¼ n sin β then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].

C. Imaging at arbitrary observation angles

We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle α to
the normal. The primary beam produces a uniformly
radiating slab of length d= cos α, which is observed at a
distance much larger than d, under an angle β to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
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This apparent size is zero (s ¼ 0) exactly when:
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We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).
This result can be generalized to an observer located at a

finite distance, imaging the object with a finite entrance
pupil. The refraction at the surface of the crystal makes the
virtual image appear closer to the observer, as shown in
Fig. 2(b). The ideal focusing point of the camera has to be
shifted by a fraction of the scintillator thickness. If we
assume that the diameter of the entrance pupil of the lens is
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angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle β such that sin α ¼ n sin β then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].

C. Imaging at arbitrary observation angles

We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle α to
the normal. The primary beam produces a uniformly
radiating slab of length d= cos α, which is observed at a
distance much larger than d, under an angle β to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
We now look at the observation geometry in detail.
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We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).
This result can be generalized to an observer located at a
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FIG. 2. Observation of light from a scintillating crystal. (a) Ideal observation angle, observing the Snell-Descartes law of refraction.
(b) Situation for an arbitrary observation angle β.
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• Consider	scintillator	screen	at	angle	α to	incident	beam:
• Each	particle	that	crosses	the	scintillator	creates	an	

ionization	channel,	from	which	light	is	emitted	isotopically	
within	the	volume.

• Refraction	of	this	light	at	the	boundary	affects	the	virtual	
image	size	and	achievable	resolution.

Ideal	case

• Apparent	size	is	zero	(s	=	0)	when	viewing	angle,
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Scintillator

Depth	of	field

• In	the	typical	setup,	the	camera-lens	must	focus	on	a	scintillator	
plane	surface	that	is	at	an	oblique	angle…

• This	works	for	very	small	electron	beams	of	only	10	µm	or	so,	
when	the	distribution	is	well	within	the	depth-of-field	of	the	lens.

• However,	for	larger	beams	only	part	of	the	scintillator	plane	will	
be	in	focus:

Scintillator

Depth	of	field:
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam
spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators
is closely connected to the matching of the transverse beam dis-
tribution (see Fig. 2). For this reason, many investigations have
been done over the years to precisely monitor the particle dis-
tribution along accelerator chains with scintillating screens.
Reviewing common applications [1], among the most impor-

tant properties of good scintillators are:
• sufficient efficiency in energy conversion into light;
• large dynamic range and good linearity between incident
particle flux and light output;

• 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;

• 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 scintil-
lating screens in beam diagnostics are the following:

TABLE I
SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

• Crystals, e.g., YAG:Ce , BGO
, LYSO or CWO

. Scintillators made of single crystals have been
proposed for beam diagnostics a 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.

• Powder crystals, e.g., P43 , P46
or P47 . These

screens are manufactured by deposition of luminescence
powder on a glass or metal base. They can be designed in
flexible sizes and shapes, but easily damaged due to me-
chanical 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 before 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.

• Ceramics, e.g., , , , ,
ruby ceramics , AlN 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.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-
rameters such as energy, intensity, ion species and time struc-
ture. Therefore, scintillating materials have to be tailored with
respect to specific application demands required at accelerator
facilities. Due to the direct beam interaction, many investiga-
tions described in this paper were performed for particle fluxes
much higher than for typical scintillator applications in med-
ical imaging or high energy physics. Table I gives a simplified
overview of scintillator usage in beam diagnostics at ion and
electron accelerators, and typical high-energy physics applica-
tions, e.g., PANDA detector at FAIR.
Scintillators can reveal complex beam structures (see Fig. 3),

but at low kinetic energies, the deposition of energy and charge
in the intercepting material leads to heating problems and elec-
trical charging. To ensure that the materials used in hadron ac-
celerator facilities will survive the ion bombardment, several
scintillating materials were evaluated and tested.

Walasek-Höhne and	G.	Kube,	Proc.	
DIPAC‘11,	Hamburg	 (Germany),	p.553	
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam
spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators
is closely connected to the matching of the transverse beam dis-
tribution (see Fig. 2). For this reason, many investigations have
been done over the years to precisely monitor the particle dis-
tribution along accelerator chains with scintillating screens.
Reviewing common applications [1], among the most impor-

tant properties of good scintillators are:
• sufficient efficiency in energy conversion into light;
• large dynamic range and good linearity between incident
particle flux and light output;

• 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;

• 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 scintil-
lating screens in beam diagnostics are the following:

TABLE I
SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

• Crystals, e.g., YAG:Ce , BGO
, LYSO or CWO

. Scintillators made of single crystals have been
proposed for beam diagnostics a 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.

• Powder crystals, e.g., P43 , P46
or P47 . These

screens are manufactured by deposition of luminescence
powder on a glass or metal base. They can be designed in
flexible sizes and shapes, but easily damaged due to me-
chanical 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 before 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.

• Ceramics, e.g., , , , ,
ruby ceramics , AlN 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.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-
rameters such as energy, intensity, ion species and time struc-
ture. Therefore, scintillating materials have to be tailored with
respect to specific application demands required at accelerator
facilities. Due to the direct beam interaction, many investiga-
tions described in this paper were performed for particle fluxes
much higher than for typical scintillator applications in med-
ical imaging or high energy physics. Table I gives a simplified
overview of scintillator usage in beam diagnostics at ion and
electron accelerators, and typical high-energy physics applica-
tions, e.g., PANDA detector at FAIR.
Scintillators can reveal complex beam structures (see Fig. 3),

but at low kinetic energies, the deposition of energy and charge
in the intercepting material leads to heating problems and elec-
trical charging. To ensure that the materials used in hadron ac-
celerator facilities will survive the ion bombardment, several
scintillating materials were evaluated and tested.

DOF:

camera
Focal	
Plane

• What	we	really	need	is	this:
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Depth	of	field:	the	view	camera

• Fortunately,	this	is	a	solved	
problem	in	photography	and	is	
the	basis	of	the	“view	camera”

How	to	focus	on	all	the	Wawel wall	of	Krakow?

• View	cameras	can	move	
the	lens	in	x	&	y	tilt,	and	z	
translation;	and	are	still	
made	today:
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The	Schiempflug Principle

• Captain	Theodor	Scheimpflugwas	an	Austrian	Army	&	Navel	officer	who	
used	aerial	photography	to	make	accurate	maps	with	undistorted	images	
from	balloon-suspended	cameras	(not	pointing	straight	down).

• His	principle	states	that	if	subject	plane,	lens	plane	and	image	plane	intersect	
in	a	single	line	as	shown,	then	the	subject	plane	is	completely	in	sharp	focus.

11

78 Merklinger:  FOCUSING THE VIEW CAMERA
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SKRWRJUDPPHWU\��PDS�PDNLQJ�IURP�DHULDO�SKRWRJUDSKV��
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%HORZ�LV�RQH�RI�KLV�SDWHQW�GUDZLQJV�GHVFULELQJ�KLV�SULQFLSOHV�DV�WKH\�DSSO\�WR�D
VLQJOH�WKLFN�OHQV�
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http://www.trenholm.org/hmmerk/download.html
https://en.wikipedia.org/wiki/Scheimpflug_principle
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Depth	of	field:	the	view	camera

Photo by J-E Nyström, Helsinki, Finland
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A	modern	Scheimpflug mount
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A	modern	Scheimpflug mount

14
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Example	of	Scheimpflug beam	diagnostic	(for	OTR)

15

 DEVELOPMENT OF AN OPTICAL TRANSITION RADIATION 
DETECTOR FOR PROFILE MONITORING OF 

ANTIPROTON AND PROTON BEAMS AT FNAL * 

V. E. Scarpine#, C. W. Lindenmeyer, G. R. Tassotto, FNAL, Batavia, IL 60510, U.S.A. 
A. H. Lumpkin, ANL, Argonne, IL 60439, U.S.A.

Abstract 
Optical transition radiation (OTR) detectors are being 

developed at Fermi National Accelerator Laboratory 
(FNAL) as part of the collider Run II upgrade program 
and as part of the NuMI primary beam line. These 
detectors are designed to measure 150 GeV antiprotons as 
well as 120 GeV proton beams over a large range of 
intensities. Design and development of an OTR detector 
capable of measuring beam in both directions down to 
beam intensities of ~5e9 particles for nominal beam sizes 
are presented. Applications of these OTR detectors as an 
on-line emittance monitor for both antiproton transfers 
and reverse-injected protons, as a Tevatron injection 
profile monitor, and as a high-intensity beam profile 
monitor for NuMI are discussed. In addition, different 
types of OTR foils are being evaluated for operation over 
the intensity range of ~5e9 to 5e13 particles per pulse, and 
these are described. 

INTRODUCTION 
Particle-beam diagnostic techniques based on optical 

transition radiation (OTR) have been demonstrated at a 
number of facilities over a wide range of beam energy (or 
Lorentz factor, γ) [1] - [3]. Optical transition radiation is 
generated when a charged particle transits the interface 
between two media with different dielectric constants [2]. 
This radiation is emitted over the visible spectrum; so, 
optical imaging techniques can be used to acquire the 
OTR signal and then reconstruct beam size and position at 
the dielectric surface. Since OTR is a surface 
phenomenon, thin foils are used as the converter to reduce 
beam scattering and minimize heat deposition. 

FNAL is developing an OTR detector for the Tevatron 
collider (Run II) and for high-intensity proton beams for 
neutrino experiments (NuMI). These detectors will be 
used to measure beam properties including transverse 
profiles and 2-D shape, transverse position, divergence, 
emittance and intensity. These detectors will be installed 
in (1) the A150 transport line between the Main Injector 
and the Tevatron to measure protons and antiprotons, (2) 
the Tevatron ring for injection study measurements 
adjacent to the new Tevatron Ionization Profile Monitor 
(IPM) and (3) the NuMI transport line just upstream of 
the primary target. These three locations require the OTR 
detector to operate over a large range of beam conditions. 
Table 1 gives a summary of the relevant beam conditions 
for our OTR detector design. 

Construction and operation of a prototype OTR detector 

at FNAL demonstrated the feasibility of using an OTR 
detector to measure intense proton beams [4] - [6]. This 
prototype detector measured OTR signal for 120 GeV 
protons with intensities up to 4.7x1012 particles in a 1.6 µs 
spill at a rate of one spill every 2 seconds. 

 
Table 1: Beam Parameters for OTR Detector Locations 

 A150 Line Tevatron NuMI 
Beam Type Proton/ 

Antiproton 
Proton/ 

Antiproton 
Proton 

Beam Energy 
(GeV) 

150 150  120  

Beam Intensity 
(E10) 

~ 1 to 50 ~ 1 to 50 ~10 to 
5000 

Transverse 
Beam Size 
(σ in mm) 

~ 1 to 4 ~ 1.5 ~1.0 

Rep Rate ~ 10 transfers 
per day 

studies 
only 

~ 0.5 
Hz 

 

OTR DETECTOR DESIGN 
Figure 1 shows a block diagram of the OTR detector 

designed for the FNAL proton and antiproton transport 
lines. 

 
Figure 1: Diagram of OTR detector. 

____________________________________________ 

*Work supported by the U. S. Department of Energy Contracts No. DE-
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The design and construction of a single OTR detector 
for the range of beam conditions required the inclusion of 
various features. The detector has utilized a two-foil 
design to allow for bidirectional beam measurements by 
inserting one of the two foils into the beam. For NuMI, 
both foils are oriented for a single beam direction. 
Because of NuMI’s high-intensity beam, one foil will be 
used for operations and the second foil will be used to 
track changes to the detector response [6]. The mounting 
of the foils gives a 3 ½ inch clear aperture for the beam 
passage. 

A 60 mm focal length multi-element lens is used to 
collect the OTR signal and image the beam spot onto the 
camera. The field of view of the optical system is ~65 x 
50 mm around the beam pipe center. The lens focus can 
be remotely set to image the beam spot (near field) or set 
to infinite focus to image the OTR angular distribution 
(far field). In order to maintain focus over the foils, the 
camera can be remotely rotated to the corresponding 
Scheimpflug condition [7]. A set of neutral density filter 
wheels are used to adjust the signal level to accommodate 
over three orders of magnitude of OTR. One of the filter 
wheels incorporates polarizing filters that will be used to 
measure the orthogonal components of the OTR radial 
polarization. 

Because of the high-energy hadron environment, a 
radiation hardened Charge Injection Device (CID) camera 
is used to acquire the OTR signal. The camera is 
operational up to a MRad [6, 8] and can be remotely 
synchronized to the beam arrival time. 

A number of different types of foil materials have been 
investigated for these detectors. The foils must have 
minimal effect on the beam but be able to withstand a 
high-energy hadron beam [6]. A foil of stretched 5 µm 
aluminized mylar will be used for the A150 line and 
Tevatron OTR detectors. A foil of stretched 6 µm 

aluminized kapton will be used for the NuMI detector. 
While the mylar foil exhibits optical quality flatness, 
calculations indicate that kapton will survive better in the 
intense NuMI beam and provides adequate imaging 
performance. 

Figure 2 shows pictures of a complete OTR detector. 
This detector has been calibrated and vacuum certified to 
~5x10-9 torr. 

DETECTOR CALIBRATION 
A number of calibration steps are taken in order to 

properly set up and operate the OTR detectors. 
Mechanical fabrication and assembly of the OTR detector 
sets the optical axis of the imaging system to intersect the 
center of the beam pipe. An optical autocollimator set at 
the beam pipe axis is used to set the optical axis and the 
foil positions. 

After setting the foil positions and aligning the optical 
axis, the camera focus is set with a focus target placed at 
each foil position. Figure 3 shows a photograph of the 
focus target along with an image of the target taken with 
the OTR detector. 

 

 
Figure 3: Left image shows photograph of target used to 
set detector optical focus. Right image is of focus target 
taken with OTR detector. 

Figure 2: The OTR detector. Left image shows beam line view of detector. Center image shows side of detector. Right 
image shows magnified view of optical tower with camera, lens and filter wheel assembly. 
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Common	scintillator	layouts

16

II. IMAGING OF SCINTILLATING CRYSTALS

A. Observation geometries

Profile monitors for the ionizing radiation typically
consist of a scintillating crystal that can be inserted to
intercept the primary beam inside a vacuum chamber,
generating light that is imaged onto an image sensor.
Excitation of the dopant levels in the scintillating crystal
leads to an isotropic emission of light around the beam path
in the medium. While different in their nature and in their
applications, the effect of high-energy electron and photon
beams on a scintillating crystal is very similar. As a
consequence, most of the statements made in this paper
are valid for both types of ionizing radiation, and differences
will be explicitly stated. Figure 1 shows some commonly
used layouts to image the fluorescent light onto the detector.
Each layout has specific limitations for the applicability

at upcoming X-ray free electron lasers: Layout (a) may lead
to radiation damage in the detector and is difficult to
implement in an ultrahigh vacuum system. In layouts
(b) [19,20], (c) [11,21], and (d) [22] the horizontal
resolution is limited to the scintillator thickness because
points along the primary beam axis are imaged to different
locations on the detector. The field of view is limited by
the depth of field of the optical system. Both issues are
exacerbated for magnifying optics. Application of the
Scheimpflug principle [12,23], shown in layout (d),
improves the field of view, but the limitation due to the
finite scintillator thickness remains. Layouts (e) [24] and (f)
[25] can be set up to generate excellent resolution, smaller
than the thickness of the scintillating crystal. However, the
mirror intercepts the primary beam, which may lead to a
gradual loss of reflectivity due to radiation damage, and the
scattered particles may pose radiation protection issues.
Optical transition radiation, generated by charged par-

ticle beams at vacuum-scintillator and vacuum-mirror
interfaces, is emitted toward the camera in layouts (a),
(b), (d), and (e). The distribution of a microbunched beam
that emits fully coherent radiation may be determined from

phase retrieval of the far-field radiation [26]. However, for a
partially coherent emission of radiation with random trans-
verse spatial locations of the intense COTR, the measure-
ment of beam profiles with incoherent OTR is problematic
at best [27]. The intense coherent light can be suppressed
temporally by gating the exposure of the camera to start
after the emission of the prompt transition radiation, and to
integrate only the delayed scintillation light [28]. This
method requires a shutter which opens on a nanosecond
time scale, and which effectively suppresses the coherent
radiation which may be several orders of magnitude more
intense. To the authors’ knowledge, this is currently only
possible with intensified cameras that use microchannel
plates, which add a significant layer of complexity, and
which have limited lifetime [29].
A geometric suppression, as proposed in the present

layout, is independent of the camera readout, and would
thus not be impaired by beam repetition rates that are higher
than the camera frame rate, such as in superconducting
accelerators like the European XFEL [30] and LCLS-II [31].

B. Choosing an observation angle according
to the Snell-Descartes law of refraction

A beam of ionizing radiation generates a scintillating
column along its axis through the entire depth of the crystal.
The breadth of this scintillating column depends on the
properties of the scintillator. Screens made from powdered
scintillators show significant broadening due to light scatter-
ing within the screen volume [32]. Scintillating crystals are
compared in [33].
It is assumed here that the primary beam passes the

crystal undeflected, an assumption that is well fulfilled for
high energy beams used in X-ray free electron lasers, and
that the emission of fluorescent light is isotropic. A beam
with zero transverse size generates a scintillating column
with a length given by the thickness d of the scintillator
and the angle of incidence α. This column is imaged onto a
single point on the detector only for two observation

mirror

lens

vacuum
window

scintillator

detector

(a) (b) (c) (d) (e)

mirror

mask

(f)

incoming
beam

FIG. 1. Commonly used layouts to image fluorescent light onto a detector. (a) Direct detection of the light, (b) and (c) imaging the light
through a vacuum window, (d) observing the Scheimpflug imaging geometry, (e) using an additional in-vacuum mirror, and (f) with an
additional mask to block coherent transition radiation.

ISCHEBECK et al. Phys. Rev. ST Accel. Beams 18, 082802 (2015)

082802-2PRSTAB	18	082802	(2015)	
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Optical	design	with	ray	tracing	software

• Ray	tracing	divides	the	real	light	field	into	discrete	monochromatic	rays	that	are	propagated	
through	 the	system.	Can	input	real	light	distribution.

• Several	professional	 software	suites	available,	e.g.

OSLO:	Optics	Software	for	Layout	
and	Optimization

https://www.lambdares.com/oslo/

WinLens3D	- lens	design	&	optimization	software
http://www.opticalsoftware.net/index.php/how_to/lens_design_software/winlens3d/

ZEMAX
https://www.zemax.com/
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e.g.	Scheimpflug principle	in	Zemax

• Tilted	object	and	image	planes	with	respect	to	lens

Zemas can	calculate:	e.g.	image	simulation,	
point	 spread	function.
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Image	distortion

19

• Barrel	distortion:	magnification	
increases	with	distance	from	optical	
axis

• Pincushion	distortion:	magnification	
decreases	with	distance	from	
optical	axis Spotted	on	a	visit	to	KEK
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Scale	for	calibration	of	magnification	and	distortion

• Illuminated	target	screen	with	graticule

20

Screen mechanism

• Screen with graticule

U. Raich  CAS Frascati 2008
Beam Diagnostics

44

Screen mechanism

• Screen with graticule

U. Raich  CAS Frascati 2008
Beam Diagnostics

44

U	Raich,	CAS	Frascati
2008	Beam	Diagnostics

• Image	distortion	can	be	calibration	by	adding	a	known	network	of	lines	or	dots	on	the	target:	
e.g.	keystoned (trapezoid)	image	may	be	post-processed	to	compensate	for	distortion
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Scale	for	calibration	of	magnification	and	distortion

21

IMAGE DEFORMATIONS

• Usually screens are tilted at 
45º or similar

• This introduces the 
“trapeze” aberration

• Need to calculate and apply 
a correction algorithm

1 Introduction

In addition to the monitor calibration, the images acquired at the BTVs should be corrected from the
distortion due to the orientation of the OTR screens with respect to the CCD cameras. It was agreed [1]
that the front-end should return in addition to the present set of data (i.e. the S1xS2 array with the signal
on each pixel and two vectors of length S1 and S2 respectively, describing the raw pixel coordinates)
another FESA property with the coordinates of 4 particular points (i.e. at the corners of the screen).
This allows extracting the parameters to calibrate the image and correct for the distortion via a simple
linear algorithm.

Figure 1 shows the image of the calibration pattern of TT10.BTV1018. The monitor is equipped with
an alumina screen on which is marked a grid of 1cm x

√
2cm pitch size. Since the screen is oriented at

45o with respect to the optical axis, its projection on the orthogonal plane gives 1cm x1cm pitch. For
the set of monitors in the transfer line TT10, it is possible to profit of the grid and get the coordinates
of four points on it. The algorithm to get, from the four points at the corners of a rectangular box,
the parameters to convert the distorted raw image (in pixels) into the real image at the screen will be
described in this note.

Figure 1: TT10.BTV1018 calibration image

2 The OTR monitors and the reference systems

Transition radiation is produced when the beam is crossing the surface of the screen conducting material.
The backward directed radiation, which will be collected by a CCD camera, is emitted in the direction
corresponding to the geometric reflection of the incident beam angle φ, as represented in Fig. 2. By
geometrical considerations, φ is also the tilt angle of the screen with respect to the plane perpendicular
to the axis of the OTR optical system.

For the purpose of calibrating and correcting the image, it is possible to identify three different
coordinate systems:

• the screen (the object)→ (xS , yS)
• the image at the camera→ (xI , yI)
• the pixel digitalization→ (xp, yp)

2
Figure 5: The corrected TT10.BTV1018 calibration image. Left: The image obtained from the pixel
“deformation”. Right: The result of the interpolation and mapping on a new mesh

Figure 6: Left: Beam image at TT10.BTV1018 obtained from the pixel “deformation”. Right: The
result of the interpolation and mapping on a new mesh

For this correction, the front-end should return, in addition to the S1xS2 image array and the two pixel-
coordinate vectors of length S1 and S2 respectively, another FESA property with the position of 4
particular points, both in the pixel coordinate system (xp, yp) and in real mm coordinates at the screen
(xS, yS), and the tilt angle φ of the screen with respect to the plane perpendicular to the optical axis.

For what concerns the BTVs in TT10, the screens are tilted by an angle φ = 45o and are equipped
with an Alumina screen on which is marked a grid of 1cm x

√
2/2cm pitch size, so that the front-end

can easily provide the coordinates of the 4 corners of a rectangular “box”. Not all the BTVs have this
grid, e.g. the monitors in TI2, and for them it will be necessary to identify other solutions.

The algorithm, which involves rotation, translation and dilatations of the pixel coordinates, computes
a new set of coordinates for each pixel element. If only the 2D fit on the beam profile was required, it
would be possible to stop at this point and work with pixels of variable size and intensity. This would be
the best approach, since it does not imply interpolations and it automatically preserves the total intensity.
However, on the practical point of view, it is useful to map the image on a newly-created equispaced
mesh, by linearly interpolating the pixel intensities on the new grid. The result of this exercise gives
back again two coordinate vectors of length S1 and S2 and the new S1xS2 image array, which is very

8

Enrico	Bravin,	Proc.	of	Scintillation	workshop	at	GSI,	2011	
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Telecentric lens

22

• Unlike	a	standard	lens,	the	magnification	of	a	telecentric lens	does	
not	change	with	the	object	distance.

• Such	lenses	are	often	useful	in	machine	vision	applications:
• When	measuring	dimensions,	a	telecentric lens	will	yield	the	same	

measurement	regardless	of	changes	in	object	distance	or	position.	
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Bi-telecentric lens	with	Scheimpflug adjustment

23

• In	a	bi-telecentric lens,	the	principle	rays	are	parallel	to	the	
optical	axis	at	the	object	and the	image.

• Thus	the	magnification	in	independent	of	the	object	or	
image	distance.

• Can	combine	this	lens	with	Schiempflugadjustment:
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Other	common	optical	aberrations

• For	an	ideal	optical	system,	every	point	in	an	object	space	corresponds	to	a	point	in	image	
space:	a	stigmatic	image,	which	typically	cannot	be	perfectly	achieved.
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• Spherical	aberration:
– off	axis	rays	focus	as	

different	distances.

Chromatic	aberration:	colours refract	
by	different	angles	due	to	dispersion.
Correct	with	achromatic	doublet.

• Comatic aberration	or	coma
– A	wavefront distortion	appears	for	

object	points	off-axis:	comet	like	
spread.

– Can	be	corrected	with	Schmitt	plate	
(aspheric	lens)
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Screen	Resolution:	observation	geometry
• As	we	have	already	seen	in	Gero’s talk	this	morning,	the	observation	geometry	including	the	

tilt	of	the	scintillator	and	camera	wrt the	beam	axis	will	strongly	influence	the	resolution:
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Resolution and Observation Geometry
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light generated inside scintillator has to cross boundary

n→     refractive index

light propagation from scintillator to detector BGO crystal

λ = 480 nm

inorganic scintillators:   large n

→    large contribution of total reflection

→    influence on observation geometry
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angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle β such that sin α ¼ n sin β then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].

C. Imaging at arbitrary observation angles

We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle α to
the normal. The primary beam produces a uniformly
radiating slab of length d= cos α, which is observed at a
distance much larger than d, under an angle β to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
We now look at the observation geometry in detail.

Initially, we consider only the chief rays to an observer
located at infinity, i.e., the observation with parallel rays.
From the Snell-Descartes law of refraction [13], we get

sin β
n

¼ sin β0:

Furthermore, the length of l ≔ AB can be calculated as:

l ≔ AB ¼ d
cos β0

and the length of s0 ≔ BC is

s0 ≔ BC ¼ s
cos β

:

The cosine theorem of the triangle ABC yields to:

s02 ¼ l2 þ
!

d
cos α

"
2

− 2l
d

cos α
cosðαþ β0Þ:

From all of the above, the transverse size s of this virtual
image can be derived:

s ¼ d cos β ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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vuuut :

ð1Þ

This apparent size is zero (s ¼ 0) exactly when:

βideal ¼ − arcsinðn sin αÞ: ð2Þ

We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).
This result can be generalized to an observer located at a

finite distance, imaging the object with a finite entrance
pupil. The refraction at the surface of the crystal makes the
virtual image appear closer to the observer, as shown in
Fig. 2(b). The ideal focusing point of the camera has to be
shifted by a fraction of the scintillator thickness. If we
assume that the diameter of the entrance pupil of the lens is
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FIG. 2. Observation of light from a scintillating crystal. (a) Ideal observation angle, observing the Snell-Descartes law of refraction.
(b) Situation for an arbitrary observation angle β.
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Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
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Screen	Resolution:	observation	geometry
• As	we	have	already	seen	in	Gero’s talk	this	morning,	the	observation	geometry	including	the	

tilt	of	the	scintillator	and	camera	wrt the	beam	axis	will	strongly	influence	the	resolution:

Stephen	Gibson	– Introduction	to	Optics	– CAS	Beam	Instrumentation,	6	June	2018	 26

Gero Kube, DESY / MDI

Resolution and Observation Geometry

ARIES Workshop, Krakow, April 1-3, 2019

light generated inside scintillator has to cross boundary

n→     refractive index

light propagation from scintillator to detector BGO crystal

λ = 480 nm

inorganic scintillators:   large n

→    large contribution of total reflection

→    influence on observation geometry
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angles, dictated by the Snell-Descartes Law of refraction
[13], shown in Fig. 2(a). We assume an index of refraction
n in the crystal, surrounded by vacuum. If one chooses an
observation angle β such that sin α ¼ n sin β then the
scintillating light emanating from the primary beam axis
is imaged onto the same point, assuming that the depth of
field of the imaging system is larger than the crystal
thickness [34].
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We will now look at the expected resolution when
choosing an arbitrary observation angle. Figure 2(b) shows
the imaging geometry for this case. Here, the primary beam
enters a scintillating crystal of thickness d at an angle α to
the normal. The primary beam produces a uniformly
radiating slab of length d= cos α, which is observed at a
distance much larger than d, under an angle β to the normal.
Because of refraction on the surface of the crystal, the
observer sees a virtual image of this slab, shown by a
dashed line in Fig. 2(b).
We now look at the observation geometry in detail.

Initially, we consider only the chief rays to an observer
located at infinity, i.e., the observation with parallel rays.
From the Snell-Descartes law of refraction [13], we get
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Furthermore, the length of l ≔ AB can be calculated as:
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This apparent size is zero (s ¼ 0) exactly when:

βideal ¼ − arcsinðn sin αÞ: ð2Þ

We thus recognize the Snell-Descartes law of refraction, the
ideal observation angle shown in Fig. 2(a).
This result can be generalized to an observer located at a

finite distance, imaging the object with a finite entrance
pupil. The refraction at the surface of the crystal makes the
virtual image appear closer to the observer, as shown in
Fig. 2(b). The ideal focusing point of the camera has to be
shifted by a fraction of the scintillator thickness. If we
assume that the diameter of the entrance pupil of the lens is
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Screen	Resolution	and	PSF

• In	addition	to	observation	geometry,	the	resolution	at	the	image	plane	will	be	influenced	by	
diffraction	at	any	restrictive	apertures,	around	bstructions (dust),	or	aberrations	due	to	lens	
imperfections	or	refractive	index	variations	in	the	optical	system.

• An	important	parameter	to	determine	is	the	Point	Spread	Function	(PSF):	the	optical	
response	of	the	system	to	a	single	point	of	light	at	the	object	plane

• In	the	case	of	a	bunch	profile,	this	is	the	passage	of	one	charged	particle	through	the	
scintillator.

• Knowledge	of	the	PSF	can	be	used	to	the	enhance	the	image	resolution.

• But	first,	a	quick	reminder	on	diffractive	optics	and	convolution.
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Simple classification of diffraction patterns 
Fraunhofer Diffraction Pattern: This is the pattern observed in the plane conjugate 
to the source and we associate the pattern with an image forming system. 
However, for a special case of no lenses, if the source and a screen are an infinite 
distance apart we have a Fraunhofer diffraction. 

I !x( ) = Eres !x( )
2
= A xs( )exp !ikxs sin!x[ ]dxs

S
"

2

A(xs) – is the amplitude of radiation emitted by each 
 individual elementary source; 

k = 2!/" is the wave number; 
" is the light wavelength; 
#x = xd/L is the angle of photon emission; 
xd is the detector coordinate; 
L is the distance from the source to detector. 

Intensity	integral,	FT of aperture	function Solution Definitions

General	Fraunhofer Diffraction	in	1D
• To	calculate	the	far	field	diffraction	pattern	take	the	Fourier	Transform	of	the	

transmission	function	of	the	diffracting	aperture:
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Single	 slit:

Double	slit:

N-slit	grating

Multiple slit source – Grating spectrometer 
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Interference between the light from N slits with intensity 
pattern modified by a single slit diffraction pattern: 
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The effect of the finite slit diffraction Interference between the light from N slits with intensity 
pattern modified by a single slit diffraction pattern: 
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The effect of the finite slit diffraction 

Common	examples

An infinitesimal element of length dy at position y contributes at P an amplitude:  
)( yio e

r
dyu �  

The phase factor  ).sin()( �� yrky �
   
The total amplitude at P arising from all contributions across the aperture:  

dyee
r
uu yik

a

a

ikro
p

.sin
2/

2/

��
�


    (1.4) 

 
The intensity is then:    )0(II p 
 sinc2�� � � �����������	� 

where      �� sin
2
1 ka
  

 
    Figure 1.6 Intensity pattern from single slit, Ip = I(0)sinc2�. 
 

The first minimum is at ,�� 
   �


�� sin22 a
  

Hence angular width �  of diffraction peak is:  

a

� 
      (1.6) 

 
1.5 Diffraction from a finite slit: phasor treatment 

 
 
Figure 1.7 Construction showing elements at extreme edges of aperture contributing 
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Figure 5.5 (a) Diffraction angle  ��   Reflection angle  �   for ordinary grating. (b) 
Blazed grating reflects light at same angle as diffracted order 
 

 
 
Figure 5.6 (a) Grating intensity pattern and single slit diffraction pattern. (b) Effect of 
single slit diffraction envelope on grating diffraction intensity for unblazed grating.  
(c) Grating intensity pattern for blaze set to reflect light into 2nd order. 
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From this equation it is easy to see that the smaller the value 
of a, the greater the spread of intensity. On the other hand as 
a tends to infinity (unobstructed wave), we have a single ray 
propagating along the principal direction (along the direction 
of an incident wave). 
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of an incident wave). 
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Oxford Physics: Second Year, Optics 
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Diffraction	in	2D
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• Circular	aperture:
Diffraction from a circular aperture 
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Oxford Physics: Second Year, Optics 
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e.g.	Telescope	resolving	power	from	PSF:Diffraction pattern for a circular aperture with 
point source  
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• In	general	the	resolution		is	defined	
by	the	diffraction	pattern	which	is	the	
Point	Spread	Function

– the	response	of	an	imaging	
system	to	a	point	source

Diffraction from a circular aperture 
Diffraction pattern for a circular aperture with 

point source  
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Point	Spread	
Function	of	a	
circular	aperture

• When	considering	diffraction	patterns	or	the	diffraction	limited	case	
(e.g.	viewing	through	a	telescope)	we	use	the	Rayleigh	Criterion:

• The Rayleigh	Criterion	states	that	two	diffraction	patterns	with	
equal	intensities	may	be	said	to	be	resolved	when	the	central	
maximum	of	one	pattern	is	not	nearer	than	the	position	of	the	
centre	of	the	first	minimum	of	the	neighbouring	pattern.

The Reyleigh Criterion 
The Taylor Criterion is a suitable one to use with the expression for the Fabry-
Perot instrument but is not so convenient for the diffraction pattern. 

The Rayleigh Criterion says "Two diffraction patterns with 
equal intensities may be said to be resolved when the central 
maximum of one pattern is not nearer than the position of the 
centre of the first minimum of the neighbouring pattern" 

Intensity resultant intensity

position in the 
field of view

Pattern 2Pattern 1

radius of Airy 
disc for circular 
diffraction pattern

100%
80% Rayleigh 

Criterion 
for the 
resolution 
of two 
diffraction 
patterns

sinθR =
λ
a

sinθR =1.22
λ
a

Single	 slit Circular	aperture
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Convolution	visualized

• The	convolution	function:

h(x) = f (x)⊗ g(x) = f (x ')g(x '− x)
−∞

∞

∫ dx '

The	convolution	theorem:

– F(k) is the Fourier Transform of f(x)

– G(k) is the Fourier Transform of g(x)

– H(k) is the Fourier Transform of h(x)

– Then:

– The Fourier transform of a convolution of f and g is the 
product of the Fourier transforms of f and g

H (k) = F(k) ⋅G(k)

F(k) G(k)

H (k) = F(k) ⋅G(k)
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Convolution	theorem

Spatial
domain

Fourier	
transform
(frequency	
domain)

H (k) = F(k) ⋅G(k)

F(k) G(k)f(x) g(x)
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Shift	theorem	in	Fourier	transform	domain

• The	PSF	is	independent	of	position	in	the	image	plane	(shift	theorem)

Spatial	domain

Fourier	
transform
(frequency	
domain)

The shift theorem 

Space 
Frequency 
(Fourier)

domain 
domain 

MIT 2.71/2.710 
04/08/09 wk9-b-17 

The shift theorem 

Space 
Frequency 
(Fourier)

domain 
domain 

MIT 2.71/2.710 
04/08/09 wk9-b-17 
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Deconvolution	of	the	PSF
• The	PSF	is	independent	of	position	in	the	image	plane	(shift	theorem),	so	a	deconvolution	

can	be	applied	to	enhance	the	resolution	of	the	image.
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Deconvolution	of	PSF	in	medical	imaging
• X-ray	scintillator	exhibits	scattering	which	is	modelled,	

then	used	to	deconvolutea	chest	X-ray:

Application	of	Deconvolution	 Algorithm	of	Point	Spread	 Function	 in	Improving	
Image	Quality:	An	Observer	 Preference	Study	on	Chest	Radiography	
Kum Ju Chae, MD1, 2, Jin Mo Goo, MD, PhD1, 3, Su Yeon Ahn, MD1, Jin Young Yoo, MD1, Soon Ho Yoon, MD1, 3 

Korean J Radiol 2018;19(1):147-152 
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associated with each pixel (3, 4). Samei and Flynn (5) 
reported that the modulation transfer function (MTF) of the 
direct type detector differs slightly from the ideal function 
from the effects of fluorescent radiation transport, but the 
MTF of indirect detection system is reduced because of the 
blurring of the scattered light from the scintillator, resulting 
in reduced sharpness. However, the detective quantum 
efficiency (DQE) is higher in the indirect detection system 
at frequencies below 2.5 mm-1.

Recently, to reduce the scattering signal from indirect 
type detectors, a deconvolution algorithm of point spread 
function (PSF) (TRUVIEW ART, DRTECH Corp., Seongnam, 
Korea) has been developed. This system may increase 
sharpness of the image generated by the indirect detector 
like by a direct type without decrease of the DQE. In a 
performance study, the MTF of the image with TRUVIEW 
ART was increased by more than 20% (57.8%) at the 2 lp/
mm of spatial frequency compared to original indirect type 
detector (37.4%) (Supplementary Fig. 1 in the online-only 
Data Supplement). 

The purpose of our study was to compare the image 
quality of chest radiography with a deconvolution algorithm 
and that of chest radiography collected with standard 
protocol for the visualization of anatomic regions of the 
chest, and to identify if the increased MTF of the algorithm 
may be potentially applicable in clinical practice.

MATERIALS AND METHODS

Patient Data
This prospectively designed study was approved by our 

Institutional Review Board and written informed consent 
was obtained from all participants (D-1609-071-719). 
From November–December 2016, patient selection criteria 
included patients that visited our hospital for chest CT and 
whose age is older than 20 years. Patients with an opacity 
occupying one-third of the hemithorax or with a history of 
thoracic surgery were excluded from the study, and a total 
of 50 participants were included in our study. There were 29 
men (58%) and 21 women (42%), and the median age was 
57.5 (range, 39−75).

Image Acquisition
Participants underwent chest radiography with the 

standard posteroanterior (PA) projection. The flat plate 
detector (Digital Diagnost Ver 4.0; Philips Healthcare, 
Hamburg, Germany) consisted of an X-ray tube and 

generator (Philips Healthcare). This system worked with 
non-automatic exposure control and the X-ray exposure 
conditions were 117 kVp, 320 mA, and 2.5 mAs using a 180 
cm source to image receptor distance and an anti-scatter 
grid (85 lines per centimeter; ratio, 10:1). Resolution for 
this detector was 2560 x 3072 pixels with a pixel pitch of 
140 μm, leading to an active imaging area 36 x 43 cm. By 
applying this standard protocol, a chest PA radiograph was 
obtained from 50 patients. These 50 chest PA raw images 
from 50 patients were duplicated into 100 images, and the 
TRUVIEW ART algorithm was applied to these 50 images. 
Thus, we collected two sets of images per patient with or 
without TRUVIEW ART algorithm. All images were processed 
with a standardized postprocessing algorithm supplied by 
the manufacturer (Econsole1 SW; DRTECH Corp.).

Digital data were sent to a picture archiving and 
communication system (PACS) server (Infinitt Healthcare, 
Seoul, Korea) and distributed to workstations. The window 
width and window level of the images were automatically 
optimized by the customized program. Readers could adjust 
brightness and contrast of the images. For this reader 
preference study, patient identification was replaced by a 
sequence number on all images. Each pair of images was 
displayed side-by-side in a random manner.

TRUVIEW ART Algorithm Description 
TRUVIEW ART is a technology that improves MTF 

by restoring blurred regions of the image by using a 
deconvolution technique that inversely estimates the 
scatter component generated in the scintillator of the 
indirect conversion detector. This technology consists of 
1) the PSF calibration step to estimate the light scattering 
form and 2) deconvolution step to conduct actual image 
restoration using the estimated PSF. The PSF is calibrated 
by estimating the scattered signal generated by an X-ray 

X-ray beam X-ray beam

Scintillator

Photodiode

Electronics

Image

Fig. 1. Process of Gaussian modelling of light scattering in 
scintillator.
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signal when it passes through a scintillator. The scattered 
signal on the image has a round-shaped PSF that follows a 
Gaussian model (Fig. 1). These PSFs have different shapes 
depending on the type and thickness of the scintillator. 
When the PSF is optimized, it is applied to the following 
equation in the deconvolution step to finally obtain a clear 
image (6-8) (Fig. 2).

I *PSF = B, I = B*PSF-1

I = clear image, B = blurred image, PSF = point spread 
function, PSF-1 = inverse PSF, * = convolution

Image Evaluation
Four chest radiologists (chest radiologists with 5−10 years 

of experience) compared the paired images independently. 
Those radiologists did not know about patients’ history. 
Ten anatomical regions and overall appearance were 
evaluated in the PA views. The anatomical regions included 

unobscured lung, hilum, minor fissure, retrocardiac lung, 
lung projected below the diaphragm (subdiaphragmatic 
lung), azygoesophageal recess, heart border, rib, proximal 
airway, and thoracic spine. Each of the 11 variables was 
assigned a five-point ordinal scale: score 1, strongly 
preferred A; score 2, somewhat preferred A; score 3, no 
preference; score 4, somewhat preferred B; and score 5, 
strongly preferred B (A = initial image, B = second image) 
without knowledge of image protocol or other reader’s 
scores. Because each pair of images was randomly arranged, 
this score was rearranged to A as the original image and B 
as the TRUVIEW ART-applied image in describing results.

Statistical Analysis
Mean values were calculated for each anatomic region 

and each reader. To determine preference for each anatomic 
regions, Wilcoxon signed rank test was used with five-scale 

TRUVIEW ART Conventional

A B
Fig. 2. Reconstructed image with and without TRUVIEW ART (DRTECH Corp.). 
A. By elimination of scattering effects applying TRUVIEW ART, blurred image can be seen more clearly. B. Without TRUVIEW ART, light scattering 
occurs by light spread of conventional scintillator, and image looks blurred.

Table 1. Preference Rating between Original and TRUVIEW ART (DRTECH Corp.) Applied Chest Radiography for 11 Anatomical Regions

Anatomical Regions
Preference Rating Mean Value of 

Observation Rating
P

1 2 3 4 5
Unobscured lung 0 14 38 116 32 3.8 < 0.001
Hilum 0 0 81 116 3 3.6 < 0.001
Minor fissure 0 0 151 47 2 3.3 < 0.001
Rib 0 2 91 107 0 3.5 < 0.001
Heart border 0 13 99 88 0 3.4 < 0.001
Retrocardiac lung 0 0 165 35 0 3.2 < 0.001
Subdiaphragmatic lung 0 0 148 50 2 3.3 < 0.001
Azygoesophageal recess 0 0 21 152 27 4.0 < 0.001
Proximal airway 0 0 52 148 0 3.7 < 0.001
Thoracic spine 0 1 33 156 10 3.9 < 0.001
Overall appearance 0 8 24 168 0 3.8 < 0.001
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scores. All statistics were calculated by using statistical 
software SPSS (SPSS version 16.0; SPSS Inc., Chicago, IL, 
USA) and p value of 0.05 or less was considered statistically 
significant.

       

RESULTS

The composite data for all readers and the mean value 
of the preference rating for each anatomic region are 
summarized in Table 1. All four readers preferred the images 
applied with the algorithm to those without algorithm for 
all ten anatomical regions (mean, 3.6; range of the mean 

values of 4 interpreters, 3.2−4.0; p < 0.001) and for the 
overall image quality (mean, 3.8; range of the mean values 
of 4 interpreters, 3.3−4.0; p < 0.001).

The algorithm-applied images were most highly preferred 
in anatomic landmarks of azygoesophageal recess (mean, 
4.0) and thoracic spine (mean, 3.9), but least preferred 
in the retrocardiac lung (mean, 3.2), subdiaphragmatic 
lung (mean, 3.3), and minor fissure (mean, 3.3). Although 
the algorithm-applied images were highly preferred in 
unobscured lungs (mean, 3.8), there was preference for the 
original images in 7% of observations, the highest among 
various landmarks.

A B
Fig. 3. 75-year-old man with coronary artery disease. 
Compared with original chest radiography (A), TRUVEIW ART applied chest radiography (B) shows better depiction in overall image quality.

A B C D
Fig. 4. 61-year-old man with non-small cell lung cancer. 
Compared with original chest radiography (A, B), TRUVEIW ART applied chest radiography (C, D) shows better visualization of unobscured lung 
and thoracic spines.
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signal when it passes through a scintillator. The scattered 
signal on the image has a round-shaped PSF that follows a 
Gaussian model (Fig. 1). These PSFs have different shapes 
depending on the type and thickness of the scintillator. 
When the PSF is optimized, it is applied to the following 
equation in the deconvolution step to finally obtain a clear 
image (6-8) (Fig. 2).

I *PSF = B, I = B*PSF-1

I = clear image, B = blurred image, PSF = point spread 
function, PSF-1 = inverse PSF, * = convolution

Image Evaluation
Four chest radiologists (chest radiologists with 5−10 years 

of experience) compared the paired images independently. 
Those radiologists did not know about patients’ history. 
Ten anatomical regions and overall appearance were 
evaluated in the PA views. The anatomical regions included 

unobscured lung, hilum, minor fissure, retrocardiac lung, 
lung projected below the diaphragm (subdiaphragmatic 
lung), azygoesophageal recess, heart border, rib, proximal 
airway, and thoracic spine. Each of the 11 variables was 
assigned a five-point ordinal scale: score 1, strongly 
preferred A; score 2, somewhat preferred A; score 3, no 
preference; score 4, somewhat preferred B; and score 5, 
strongly preferred B (A = initial image, B = second image) 
without knowledge of image protocol or other reader’s 
scores. Because each pair of images was randomly arranged, 
this score was rearranged to A as the original image and B 
as the TRUVIEW ART-applied image in describing results.

Statistical Analysis
Mean values were calculated for each anatomic region 

and each reader. To determine preference for each anatomic 
regions, Wilcoxon signed rank test was used with five-scale 

TRUVIEW ART Conventional

A B
Fig. 2. Reconstructed image with and without TRUVIEW ART (DRTECH Corp.). 
A. By elimination of scattering effects applying TRUVIEW ART, blurred image can be seen more clearly. B. Without TRUVIEW ART, light scattering 
occurs by light spread of conventional scintillator, and image looks blurred.

Table 1. Preference Rating between Original and TRUVIEW ART (DRTECH Corp.) Applied Chest Radiography for 11 Anatomical Regions

Anatomical Regions
Preference Rating Mean Value of 

Observation Rating
P

1 2 3 4 5
Unobscured lung 0 14 38 116 32 3.8 < 0.001
Hilum 0 0 81 116 3 3.6 < 0.001
Minor fissure 0 0 151 47 2 3.3 < 0.001
Rib 0 2 91 107 0 3.5 < 0.001
Heart border 0 13 99 88 0 3.4 < 0.001
Retrocardiac lung 0 0 165 35 0 3.2 < 0.001
Subdiaphragmatic lung 0 0 148 50 2 3.3 < 0.001
Azygoesophageal recess 0 0 21 152 27 4.0 < 0.001
Proximal airway 0 0 52 148 0 3.7 < 0.001
Thoracic spine 0 1 33 156 10 3.9 < 0.001
Overall appearance 0 8 24 168 0 3.8 < 0.001
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Figure 1: Current layout of the x-ray branch (top). Previous layout of the x-ray branch
of the X09DA beamline (bottom).

2.1 Beamline upgrades for the IBS measurements

From 2006, when the beamline was built, and until October 2012, when the beamline
was upgraded to adapt it to the IBS shifts, not much had been changed since the vis-
ible/UV branch was the one mostly used for beam size measurements during users’
shifts. This scenario changed once we started a set of experiments for the TIARA
project [3], trying to measure IBS growth in SLS while running the machine at lower
energy.

The main upgrade was to replace the beamline exit window, made of a 250 µm
thick Aluminium disc by a 100 µm thick CVD diamond window, which allows a higher
x-ray transmission. Due to the small size of the CVD diamond window, 11⇥40 mm
(width⇥height), it is bonded in the center of a stainless steel flange. As the beamline
is directly connected to the ring vacuum and there is no fast valve protection, a 100
µm kapton foil was included upstream the window to avoid the risk of leakage in
the bonding. But the x-rays burned the kapton foil in less than a week and the same
occurred using a thicker (120 µm) kapton foil. Finally two CVD diamond windows
were used, separated approximately 3 m, being the outer one only 0.5 m away from the
screen. Due to the small size of these windows and the long distance from the second
one to the x-ray source, only the light of 3⇥3 pinholes exits the windows and can be
imaged (2⇥15 µm and 1⇥20 µm), while the light from the other pinholes is cut by
the window’s physical aperture. A sketch of the initial layout of the x-ray branch of
beamline X09DA is represented in figure 1 (bottom).

3

PSF	for	pin-hole	measurements	of	synchrotron	light

Natalia Milas, Angela Saa Hernandez, Calculation of the Point Spread 
Function for the X09DA Pinholes in SLS. 

Figure 6: Point spread function of the system for 20keV.

Figure 7: Point spread function of the system numerically calculated with SRW for the
different pinhole diameters (dots) and the analytical results using Fraunhofer approxi-
mation like described in equations (3) and (4) (dashed line) and Fresnel approximation
(full lines).

• PSF	is	dominated	by	diffraction	at	the	pin-hole	and	
Frensel pattern	depends	strongly	on	the	pin-hole	size,	
15	-30	µm.	[Swiss	Lightsource,	PSI]
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Background	suppression:

In contrast to spectral and spatial separation, the tempo-
ral separation technique provides a definite method to
suppress coherent optical transition radiation without fur-
ther relying on the wavelength-dependent longitudinal
form factor. In addition, this technique inherently includes
the suppression of secondary incoherent radiation sources
such as synchrotron radiation generated from magnets
directly upstream of the imaging screen or backward
OTR emitted from the second imaging screen boundary,
whereas spectral components in the UV region or at shorter
wavelengths may excite the scintillator, affecting the tem-
poral separation. As is shown in Ref. [17], however, po-
tential synchrotron radiation sources can be identified and
thus separated by adjusting the upstream magnets.
Furthermore, the coherent emission of OTR at the second
scintillator screen boundary is mitigated due to multiple
scattering in the scintillator material as is described and
demonstrated in Refs. [11,61]. We note that the current
implementation of the temporal separation technique pre-
sented throughout this paper utilizes fast ICCD cameras,
which are currently an order of magnitude more expensive
than conventional CCD cameras.

V. EXPERIMENTAL RESULTS WITH
TEMPORAL SEPARATION

The proof-of-principle measurements on the temporal
separation technique presented in Fig. 7 were carried out at
K-ICCD. However, a reference measurement to quantita-
tively prove this technique in terms of transverse beam
profiles, as would be provided by a wire scanner, which is
insensitive to coherent effects, is not available at this
position. In this section, we verify the method of temporal
separation by investigations on the charge-dependent im-
age intensities and comparisons with longitudinal bunch
profiles recorded in the energy spectrometer at ES-CCD.

A. Charge dependence of integrated intensity

Incoherent radiation is linear in the number of electrons
contributing to the emission process (cf. Sec. III A), i.e.,
linear in the electron bunch charge (!Q), and deviations
caused by the nonlinear charge dependence of coherent
radiation (! jFlj2Q2) are ideally suited to verify the tem-
poral separation technique. The integrated image inten-
sities presented in Fig. 8 were measured for bunch
charges between 0.13 and 0.87 nC at K-ICCD for different
imaging screen and readout configurations. Each data point
represents the average intensity of 20 background-
corrected single-shot images and the error bars indicate
the statistical rms image intensity fluctuations. Up to an
electron bunch charge of Q! 0:5 nC, the integrated inten-
sity is linear (solid black line) in Q for all presented

FIG. 7. Proof of principle for the temporal separation technique in transverse beam profile imaging, demonstrated for compressed
electron bunches at K-ICCD with the three screen/readout configurations: (a) OTR screen, (b) LuAG screen, and (c) LuAG screen with
delayed readout. The images in (a) and (b) show a composite of optical transition and synchrotron radiation with a contribution of
scintillation light in (b). The image in (c) is expected to show delayed but pure scintillation light.

FIG. 8. Measurements on the bunch charge dependence of the
integrated intensity at K-ICCD generated by compressed elec-
tron bunches using different screen/readout configurations,
where the inset shows the range from 0.55 to 0.9 nC. The linear
curve shows the dependence of incoherent radiation.

ELECTRON BEAM PROFILE IMAGING IN THE PRESENCE . . . Phys. Rev. ST Accel. Beams 15, 062801 (2012)

062801-9

• OTR	can	be	a	source	of	background	in	scintillation	light

increase in Figs. 5(b) and 5(d) with a reasonable signal-to-
noise ratio (SNR), the longitudinal phase space measure-
ments are presented with the YAG imaging screen. The
measurement performed with the OTR imaging screen,
presented in Fig. 5(f), shows the same strong COTR sup-
pression (but worse SNR).

IV. TECHNIQUES FOR SEPARATION OF
COHERENT OPTICAL RADIATION

As demonstrated in Sec. III, electron beam profile mea-
surements can be accomplished in dispersive beam lines,
such as magnetic energy spectrometers, with standard
optical imaging systems as the emission of coherent optical

radiation is strongly suppressed. However, linear accelera-
tors consist mainly of beam lines which are in general
designed to be dispersion free, and imaging in energy
spectrometers precludes measuring pure transverse beam
profiles due to the dispersion. In this section, we discuss
methods that suppress the impact of coherent radiation by
separation from an incoherent radiation part.

A. Spectral separation

The spectral intensity of transition (synchrotron) radia-
tion emitted by an electron bunch consists of two terms
that describe the incoherent (! N) and coherent
(! N2jFlj2jFtj2) radiation part [cf. Eq. (7) or Eq. (16)].
A spectral separation of these terms in electron beam
profile imaging can be accomplished by restricting the
imaging with wavelengths below the cutoff wavelength
!c, i.e., where the emission is dominated by incoherent
radiation. Spectral separation has been considered in
Ref. [15] by using a scintillation screen in combination
with a bandpass filter. However, this method requires a
good knowledge and control of the expected spectra, and a

vanishing form factor (jFljjFtj " N#1=2) in the detectable
wavelength range, which is not the general case as the
spectra can vary strongly with the operation modes of a
linear accelerator. This is demonstrated in Fig. 6, in which
spectral measurements of transition radiation in the visible
and near-infrared wavelength range are presented for dif-
ferent compression settings at FLASH. The dashed black
line represents the incoherent radiation part convoluted
with the transmission of the optical setup. In contrast to
the measurements presented in Sec. II C, the measurements
shown in Fig. 6 were performed upstream of the collimator
section. We note that similar, reproducible measurementsFIG. 5. Single-shot measurements of the t-x plane in (a) and

(c) using a LuAG screen at K-CCD with time t ¼ #z=c (bunch
head at t < 0), and of the longitudinal phase space (t,!E) in (b)
and (d) using a YAG screen at ES-CCD with !E ¼ "E0 and
E0 % 1165 MeV for bunch charges of Q % 0:45 nC and
0.55 nC, respectively. The comparison of the electron bunch
currents between K-CCD and ES-CCD for Q % 0:45 nC is
shown in (e), and for Q % 0:55 nC at ES-CCD with different
imaging screens it is presented in (f).

FIG. 6. Spectral intensity measurements of transition radiation
in the visible and near-infrared wavelength range for four
different compression settings: (A) FEL operation and
(B)–(D) marginal compression, i.e., on-crest rf operation with
decreasing R56 in the bunch compressors (see Ref. [16] for
experimental details). The spectral intensity of the incoherent
part of transition radiation is indicated as dashed black line.
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• Or	a	gated	camera	can	be	used	to	distinguish	the	fast	
OTR	from	the	delayed	scintillation	light.

• ICCD	(a)	and	scintillation	without	(b)	and	with	(c)	delay:

• OTR	background	can	be	
suppressed	by	changing	the	
viewing	geometry,	so	it	is	not	
reflected	toward	the	camera:

Electron beam profile imaging in the presence of coherent optical radiation effects

Christopher Behrens,1,* Christopher Gerth,1 Gero Kube,1 Bernhard Schmidt,1 Stephan Wesch,1 and Minjie Yan1,2

1Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
2Universität Hamburg, Institut für Experimentalphysik, Luruper Chaussee 149, 22761 Hamburg, Germany

(Received 6 March 2012; published 13 June 2012)

High-brightness electron beams with low energy spread at existing and future x-ray free-electron lasers

are affected by various collective beam self-interactions and microbunching instabilities. The correspond-

ing coherent optical radiation effects, e.g., coherent optical transition radiation, impede electron beam

profile imaging and become a serious issue for all kinds of electron beam diagnostics using imaging

screens. Furthermore, coherent optical radiation effects can also be related to intrinsically ultrashort

electron bunches or the existence of ultrashort spikes inside the electron bunches. In this paper, we discuss

methods to suppress coherent optical radiation effects both by electron beam profile imaging in dispersive

beam lines and by using scintillation imaging screens in combination with separation techniques. The

suppression of coherent optical emission in dispersive beam lines is shown by analytical calculations,

numerical simulations, and measurements. Transverse and longitudinal electron beam profile measure-

ments in the presence of coherent optical radiation effects in nondispersive beam lines are demonstrated

by applying a temporal separation technique.
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I. INTRODUCTION

X-ray free-electron lasers (FELs) offer a brilliant tool for
science at atomic length and ultrafast time scales [1], and
they have been realized with the operation of the Free-
Electron Laser in Hamburg (FLASH) [2], the Linac
Coherent Light Source (LCLS) [3], and the SPring-8
Angstrom Compact Free Electron Laser (SACLA) [4].
The x-ray FEL driving electron bunches are subject to
several collective effects, e.g., microbunching instabilities
or coherent synchrotron radiation (CSR), which degrade
the required high transverse and longitudinal beam bright-
ness [5–8]. These instabilities may not only result in sig-
nificant deteriorations of the FEL performance [9] but also
in coherent radiation effects [10–16] such as coherent
optical transition radiation (COTR) or CSR in the optical
wavelength range [17] (abbreviated as COSR). Beam pro-
file imaging dominated by coherent optical radiation leads
to an incorrect representation of the transverse charge
distribution [11] and renders electron beam diagnostics
with standard imaging screens, e.g., OTR screens, and all
the related diagnostics such as emittance or bunch length
diagnostics impossible. However, beam diagnostics with
imaging screens are essential for single-shot measurements
or in cases where two transverse dimensions are required,
e.g., in slice emittance or longitudinal phase space mea-
surements [18–20].

Microbunching instabilities associated with longitudinal
electron bunch compression can be mitigated by introduc-
ing additional uncorrelated energy spread [21–23] as suc-
cessfully demonstrated by the operation of the laser heater
system at the LCLS [9]. However, the microbunching gain
suppression is not necessarily perfect, and the correspond-
ing remaining small but existing level of COTR still ham-
pers electron beam profile diagnostics using standard
imaging screens (e.g., Ref. [9]). The origin of coherent
optical radiation effects is not only restricted to micro-
bunching instabilities but can also be related to ultrashort
spikes inside electron bunches or generated by intrinsically
ultrashort electron bunches like at laser-plasma accelera-
tors (e.g., Ref. [24]) or at x-ray FELs with ultralow charge
operation [25–27].
Transition radiation is emitted when a charged particle

beam crosses the boundary between two media with differ-
ent dielectric properties [28–32], hence transition radiation
is emitted using any kind of imaging screen and thus
precludes the stand-alone use of scintillation screens in
the presence of coherent optical radiation effects (e.g.,
COTR). However, by using (scintillation) imaging screens
in dedicated measurement configurations, COTR can be
mitigated (see, e.g., Ref. [15]).
In this paper, we discuss methods to suppress coherent

optical radiation effects both by electron beam profile
imaging in dispersive beam lines and by utilizing scintil-
lation imaging screens in combination with several
separation techniques. The experimental setup and obser-
vations of coherent optical radiation effects at FLASH are
described in Sec. II. In Sec. III we discuss the suppression
of coherent optical emission in dispersive beam lines and
present experimental results for COTR generated by a local
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Summary

• The	observed	distribution	at	the	camera	is	a	convoluted	measure	of	the	particle	
distribution:
– The	optical	system	must	be	calibrated	and/or	understood	to	map	between	the	particle	coordinate	at	

the	scintillator	screen	and	the	detector	plane.

• Various	optical	technologies	can	help	to	improve	image	quality:
– Scheimpfluggeometry	to	obtain	sharp	focus	over	complete	object	plane.
– Bi-telecentric lens	to	eliminate	dependence	of	magnification	on	object		(and	image)	distance,	hence	

reducing	image	distortion.
– Aberrations	may	be	corrected	by	careful	optical	design	in	Zemax or	similar	software,	e.g.	by	using	

achromatic,	or	catadioptirc components.

• Resolution	depends	on	the	observation	geometry,	screen	tilt	and	viewing	angle.
• Measurement	and/or	calculation	of	the	PSF	allows	a	deconvolution	of	the	image	to	

enhance	the	resolution.
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