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Abstract
Radiation generated by high-energy particle beams is

widely used for beam diagnostic purposes. Depending on

the mechanism of radiation generation, the emitted wave-

length range extends from the THz up to the X-ray region,

thus allowing to measure beam profiles in the longitudinal

and the transverse plane over a wide range. In this talk, ba-

sic considerations for radiation based profile measurements

will be discussed with special emphasis on the mechanism

of radiation generation and the impact on beam diagnostic

measurements.

INTRODUCTION
Beam monitors probing the particle electromagnetic field

are widely used in accelerator physics. The majority of them

is sensitive to the particle near field, i.e. the field which is

directly bound to the charged particle, and a usable signal is

derived from the interaction of this field with the environ-

ment. Examples of this kind of monitors are beam position

and beam current monitors. In an other type of monitors,

information about the beam properties is generated from the

fields which are separated from the charged particle itself.

These freely propagating fields can be measured at large

distances from the particle as radiation in a wide spectral

range, even outside of the accelerator tunnel. Depending on

the separation mechanism of the electromagnetic field, the

process of radiation generation is named in a different way.

Examples considered in the following are synchrotron radi-

ation, transition radiation, diffraction radiation, parametric

X–ray radiation, and Smith–Purcell radiation. A comprehen-

sive overview of the radiation generation by ultra–relativistic

particles can be found for example in the textbooks [1]– [4],

actual topics in radiation physics are discussed at the RREPS

conference series [5] or at the conference series Charged
and Neutral Particles Channeling Phenomena.
All radiation mechanisms mentioned before are either

widely applied or investigated in view of an applicability

in the field of particle beam diagnostics in different ways.

A vast number of information can be extracted from the

radiation field, as for example beam energy, energy width

and beam divergence, but in the following only beam profile

measurements will be considered. In this context, the trans-

verse beam profile diagnostics based on imaging with visible

radiation is widespread, the focus will be on their descrip-

tion and the applied concepts (see also Ref. [6]). Besides

beam imaging techniques, a measurement of the angular

distribution can also be gathered to gain information about

the transverse beam profile. Finally, coherent radiation di-

agnostics is a technique to determine both shape and length

of a charged particle bunch by spectral investigation of the

coherently emitted radiation.

Starting from imaging with classical light and a discus-

sion about resolution, the radiation generation from ultra–

relativistic particles is described in terms of the separa-

tion of the pseudo- or virtual photon field associated with

the charged particle (Weizsäcker–Williams approximation

[7,8]). In this picture, the various radiation processes appear

as different ways to separate the virtual photons from the

particle, and the formalism of classical imaging can simply

be applied to the separated field. Examples are given for

particle beam imaging, and the concept of beam size de-

termination from the angular distribution is presented for

different radiation sources. Finally, bunch length diagnostics

based on coherent Smith–Purcell radiation is presented as

an example.

IMAGE FORMATION AND RESOLUTION
In the case of particle diagnostics, the object from which

the size has to be determined, i.e. the particle bunch, is

not directly accessible because it is moving in a vacuum

beam pipe in the accelerator tunnel. In this situation, radia-

tion based diagnostics in general and imaging in particular

helps to generate a replica of the object in a more comfort-

able environment, and the replica size (image) is adjusted to

size of measuring device (CCD) with the help of an optical

system (lenses). In the subsequent discussion about imag-

ing, only aberration–free optical systems will be considered.

Nevertheless, from classical optics it is known that even for

imaging with a perfect lens, the image of a point source

will never result in a point image because the uncertainty

relation imposes a fundamental limit Δx = λ/(2 sin θ) with
Δx the uncertainty in the location of the emission point, λ
the wavelength of observation, and sin θ the acceptance an-
gle (numerical aperture) of the imaging lens. To be more

precise, the point source image is the result of plane wave

diffraction at a circular aperture (lens), and the intensity dis-

tribution in the image plane is described by the well known

Airy disk (see eg. [9] or textbooks about classical optics).

The resolution is usually expressed as the first minimum of

the Airy disk

Δx = 0.61
Mλ
sin θ

(1)

with the magnification factor M of the optical setup.

A deeper discussion of the resolution requires some basic

knowledge of the image formation process. For this purpose

a simple optical setup is considered as shown in Fig. 1. The

common procedure is to calculate the intensity distribution

of a point source in the image plane which is proportional to
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Figure 1: Scheme of the optical setup. Source and image

planes are located at distances a,b from the perfect lens, the

magnification of the system is M = b/a.

the absolute square of the electric fields in this plane. This

point source image is referred to as Point Spread Function

(PSF), and the PSF is characterizing the optical system prop-

erties. In analogy to the PSF definition in classical optics, the

image generated in a radiation process from a single particle

will be called PSF throughout the rest of this paper, being

aware that in this case the PSF is not only determined by the

optical system properties, but also by the particle properties

(beam energy) which influence the radiation characteristics,

e.g. the opening angle. The image of an extended object is

obtained by a two–dimensional convolution of the source

distribution with the PSF, and the resolution is the difference

between source and image distribution for a magnification

of M = 1.

In order to calculate the PSF, the electric field from the

source plane has to be propagated through the optical system

to the image plane, taking into account the interaction of

each optical element. In the simple setup shown in Fig. 1,

the source field distribution has to be propagated from the

source plane to the lens entrance plane, from there to the

lens exit plane, and then to the image plane. The propagation

is performed in frame of scalar diffraction theory in Fresnel

approximation, i.e. up to the quadratic phase term. With

the target located at z = 0 the propagation from the source

plane Ssrc to the lens input in a distance a is described by

Eli
xl ,yl

(�rl ,ω) = −i
eika

λa
ei

k
2a (x2

l
+y2

l
) . . . (2)

×
∫
Ssrc

d2Ssrc Es
xs,ys

(�rs ,ω) ei
k
2a (x2s+y

2
s ) e−ik

xs xl +ys yl
a

see for example Ref. [10]. The integration has to be car-

ried out over the source plane Σs , and special care has to

be taken to the integration limits. They may either be de-

fined by the target dimensions or by the radiation field and

will be annotated later in more detail. In the far field or

Fraunhofer approximation k
2

(x2s + y2s )max � a, the corre-
sponding exponential in the integration can be omitted, and

in this limit the field in the lens plane is proportional to the

two–dimensional Fourier transformation of the source field

distribution, c.f. Eq. (2). In the next step the resulting field

Eq. (2) is propagated through the lens. In thin lens approxi-

mation the effect of the lens is described by introducing an

additional quadratic phase shift [10], and the fields at the

lens output are given by

Elo
xl ,yl

(�rl ,ω) = Eli
xl ,yl

(�rl ,ω) e−i
k
2 f (x2

l
+y2

l
)

(3)

with f the focal length of the lens and 1
f =

1
a +

1
b the

condition for imaging. In the next step, the field has to be

propagated from the lens output to the image plane similar

to Eq. (2), and finally the intensity distribution in the image

plane

d2W
dωdΩ

=
c
4π2

( |Ei
xi
|2 + |Ei

yi
|2) . (4)

has to be calculated. If the source field distribution is from

a point source or from radiation of a single charged particle,

this intensity distribution is representing the PSF.

Based on the concept of Fourier optics and the image

generation

Image = PSF ⊗ Object + Noise , (5)

the process of imaging can be described in the frame of

system theory, see also Fig. 2. In standard system theory the

signals are one–dimensional, treated in the time/frequency

domain, and system analysis is performed with a delta pulse.

In the case of imaging one is dealing with two–dimensional

signals (space coordinates), treated in the space/spatial fre-

quency domain (line pairs per mm), and system analysis is

performed with a point source.

Figure 2: System approach to imaging. The system response

is described by the PSF which acts on the input distribution

to produce the output.

RADIATION GENERATION
To apply standard optical imaging techniques, the infor-

mation about the particle beam charge distribution has to be

converted in an optical intensity distribution which can be

recorded by camera. In the selection of this conversion pro-

cess, care has to be taken that (i) any resolution broadening

introduced by the basic underlying physical process has to

be small (i.e. the PSF of the physical process corresponding

to the single particle resolution function should not domi-

nate the total spatial resolution), and that (ii) the conversion

process should be linear to avoid any deformation of the

intensity distribution. There exist two principle possibilities

for this conversion process, either to exploit the interaction

of the beam particles with matter (used e.g. for scintillation

screens or residual gas luminescent monitors), or the particle

electromagnetic field has to be separated from the beam to

be detected in the far field as radiation.
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While scintillators are widely used in particle beam di-

agnostics at hadron and electron accelerators [11], in the

following only radiation based beam profile monitors will

be considered. Therefore the process of radiation generation

is shortly explained in this section in the frame of virtual

photons: Considering an ultra–relativistic particle with an

electric field which is relativistic contracted (i.e. mainly

transversal), the degree of contraction is described by the

field opening angle 1/γ with γ = E/m0c
2 the Lorentz factor.

Hadrons have a comparatively large rest mass and γ is much
smaller than the one for electrons. Therefore radiation based

monitors are the exception rather than the rule at hadron

accelerators, and in the following only ultra–relativistic elec-

tron or positron beams are considered.

In the limiting case γ → ∞ the field would be completely

transversal and correspond to a plane wave (classical de-

scription of a photon). This situation occurs either by con-

sidering a particle with zero rest mass (i.e. a photon), or in

the limiting case if the beam energy is increased into the

ultra–relativistic regime. Due to the similarity between a

real photon and the field of an ultra–relativistic particle, the

action of this particle is described by so called virtual or

pseudo photons. However, to measure radiation in the far

field the virtual photon field bound to the beam particle has

to be separated from the particle. In case of a circular ac-

celerator this is achieved by a force acting on the charged

particle which is caused by the magnetic field of accelerator

(bending) magnets, and the resulting radiation is called syn-
chrotron radiation. In case of a linear accelerator there is
(per definition) no particle bending, but the separation can be

achieved by acting on the virtual photons itself via structures

that diffract the particle electromagnetic field away from the

particle. The analogy between real and virtual photons can

be exploited for better understanding: Real photons can be

refracted resp. reflected at a surface, and the same holds

for virtual photons. In this case the radiation is named For-
ward/Backward Transition Radiation. In classical optics the
effect of edge diffraction is known, in the case of virtual

photons the radiation effect is called Diffraction Radiation.
Real photons can be diffracted at a grating, the same hold

for virtual photons and the effect is called Smith–Purcell
Radiation. Finally, high–energetic real photons (X–rays) are
diffracted at a 3D structure of a crystal, and if a charged

particle beam traverses such crystal Parametric–X Radiation
is emitted.

SYNCHROTRON RADIATION
Synchrotron radiation (SR) is a versatile tool for beam pro-

file measurements due to its non–destructive nature. While

in principle SR from insertion devices or bending magnets

can be utilized, in reality most accelerators use bending

magnet radiation based profile monitoring because of space

limitations. Due to the relativistic energy of the particles,

the generated light has superior properties [12]: The process

of radiation generation is non–invasive and the radiation

spectrum is continuous from infrared up to X-rays. As con-

sequence the photon energy can be freely chosen according

to the monitoring problem. Typically the spectrum is charac-

terized by the critical energy �ωc =
3
2
�cγ3

ρ with γ the Lorentz
factor and ρ the dipole bending radius. The natural diver-
gence of the radiation which depends on the polarization

state is very small with a vertical opening angle of about

1/γ in case of horizontal (σ−) polarization.
In order to apply the formalism of image formation to

the case of SR based diagnostics, the source field has to be

determined. According to the geometry depicted in Fig. 3,

the field of a moving charge is described by the Liénard–

Wiechert potentials. The common way found in most text-

books about electrodynamics is to deduce the fields in the

time domain

�E(t) = −e ��
�

(1 − β2)(n̂ − �β)

R2(1 − n̂ · �β)3
+

n̂ × [(n̂ − �β) × �̇β]

cR(1 − n̂ · �β)3
��
�τ

�H (t) = (�n × �E)τ . (6)

which have to be evaluated at the retarded time τ = t −
R(τ)/c. In the far field approximation, the first term in

the sum which does not depend on the acceleration (the so

called velocity term) is usually omitted because it scales

quadratically with the distance to the observer. To get rid of

the retarded time, the fields are transformed in the Fourier

domain, and if the special case of a particle motion on a

circular orbit is considered, the standard formulas for the SR

fields are derived [12]. SR imaging investigations based on

this field description are presented in Ref. [13].

However, the radiation fields derived in this way are only

approximative because of the far field approximation. Fur-

thermore, in this approach the emission is considered to

originate from a single point, additional resolution broaden-

ing effects as depth–of–field and orbit curvature have to be

introduced additionally [14, 15].

In the approach of Ref. [16] these contributions are in-

cluded from the beginning. Starting point are again the

Liénard–Wiechert potentials, but this time the potentials

are Fourier transformed and the fields are derived in the

r(  )τ

β(  )τe−
n̂

R(  )τ

= t − R(  )/cτ τ
origin

observer

Figure 3: Geometry for the description of the Liénard–

Wiechert fields for a particle in arbitrary (left) and linear

(right) motion.
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frequency domain, resulting in an integral equation

�E(ω) = − iωe
c

+∞∫
−∞

dτ

⎡⎢⎢⎢⎢⎣

�β − n̂
R(τ)

− ic
ω

n̂
R2(τ)

⎤⎥⎥⎥⎥⎦
eiω (τ+ R(τ)

c ) .

(7)

The integration can be performed numerically with high

accuracy using e.g. numerical near field calculations [16]

in order to study resolution broadening effects. Codes like

SRW [17] or SPECTRA [18] are freely available allowing

computations preserving all phase terms that are necessary

for further propagation of the radiation through optical com-

ponents. In SRW, even propagation is implemented in the

frame of scalar diffraction theory applying the methods of

Fourier optics. Besides the numerical near field calculation,

there exist also analytical approaches in which the disturbed

wave front is characterized by an additional phase factor such

that orbit curvature and depth–of–field influence can directly

be included in the radiation field description [19–21].

A review of SR based diagnostics for transverse profile

measurements is given in Ref. [22], therefore only some ba-

sic considerations for modern 3rd generation light sources

are discussed in the following. For these machines with nat-

ural emittances in the order of 1 - 5 nm.rad and an emittance

coupling of 1 %, the task is to resolve few micrometer beam

sizes. For PETRA-III at DESY (Hamburg, Germany) for

example, the beam sizes which have to be measured amount

σx = 40 μm and σy = 20 μm. Recalling that the fundamen-

tal resolution limit depends on the acceptance angle ϑ, and
that the limit in the acceptance is not dictated by the lens

diameter but by the extremely small SR emission angle in

vertical direction (with ϑacc = 1.7 mrad for PETRA-III), ob-
servation in the visible spectral region (λ = 500 nm) would
result in a vertical resolution of about 145 μm according to

the uncertainty principle which is much larger than the beam

size which has to be measured. Beam profile measurements

based on visible SR are therefore fully diffraction limited at

modern light sources.

The most straightforward way to overcome this limita-

tion is imaging at smaller wavelength in the VUV, soft or

even hard X–ray region. In this case the discussion about a

monitor concept is reduced to the question about the appro-

priate imaging optics. In the case of imaging with focusing

optics either reflective (Kirkpatrick–Baez mirror), diffrac-

tive (Fresnel zone plates) or refractive (compound refractive

lens) optics can be used, and all these concepts are applied

at different accelerator laboratories, see Ref. [22]. In the

case of a non–focusing optics, the most prevalent device

is the X–ray pinhole camera (see e.g. Ref. [23]). Besides

the imaging schemes, other techniques are applied as the

SR interferometer exploiting the spatial coherence of the

radiation [24], the π–polarization imaging as a special case
of PSF dominated imaging [25], and the coded aperture

technique [26].

CONSTANT LINEAR MOTION
For the discussion about radiation based imaging tech-

niques in linear accelerators, the electromagnetic field of a

point particle in constant linear motion is considered as it

is the case for an electron in a drift space. Again the parti-

cle field is given by the Liénard–Wiechert field in Eq. (6),

however in this situation it is the second term in the sum

(acceleration term) which vanishes because there is no accel-

eration per definition. Because of the rotational symmetry

it is convenient to describe the geometry in the cylindrical

coordinate system as shown in Fig. 3, right. In this system,

the electric field can be expressed as [1]

�E(ρ, z,ω) =
eα
πv

ei
ω
v z

(
K1(αρ) êρ − i

γ
K0(αρ) êz

)

with α =
2π

λ βγ
(8)

and K0, K1 the modified Bessel functions. While K0 is

already smaller than K1, according to Eq. (8) in the ultra–

relativistic limit γ → ∞ the contribution from the longitudi-

nal component can be completely neglected and the particle

field exhibits the typical pancake structure. It is this field

which is associated with the pseudo photons in order to

describe the different radiation generation mechanisms.

With increasing distance ρ from the beam orbit, the field

shrinks following the K1 dependency. It is convenient to

assign a value to the radial field extension ρext by setting
the argument of the Bessel function equal one, i.e.

ρext =
λ βγ

2π
≈ γλ . (9)

In a descriptive way the virtual photon field is interpreted

as a radial field disc with the radius ρext . The angular

distribution of the virtual photon field is given by

d2W
dωdΩ

=
e2

π2c
θ2

(γ−2 + θ2)2
. (10)

These photons associated to the charged particle beam pos-

sess therefore a characteristic double lobe structure with a

central minimum, and it is this structure which is imprinted

to the real photons (radiation) when the field is separated

from the beam.

The pseudo photon approach presented here in a descrip-

tive way implies a simplification in the sense that only the

transverse field components are considered. In Refs. [27,28]

the contribution of the longitudinal component was taken

additionally into account, allowing an extension of the the-

ory to low particle beam energies and arbitrary inclination

angles. This was done either by developing a vector electro-

magnetic theory for transition and diffraction radiation, or by

applying Kirchhoff’s method to a flat target. As it was shown,

significant differences are to expect if the beam energy is

low and/or the target inclination angle is large (i.e. in the

case of near grazing incidence). However, these are not the

cases under investigation here, and therefore the application
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of the simplified pseudo photon method is justified for the

subsequent discussion.

In the following sections, different methods to separate

the field Eq. (8) from the particle in the ultra–relativistic

limit are introduced, and the application of these radiation

sources is discussed in view of beam diagnostics.

OPTICAL TRANSITION RADIATION
If a charged particle passes the boundary between two

media with different dielectric constants, a broad band elec-

tromagnetic radiation is produced which is named transition

radiation. For beam diagnostic purposes the visible part of

the radiation (Optical Transition Radiation, OTR) is used

and an observation geometry in backward direction is mainly

chosen such that the screen has an inclination angle of 45◦
with respect to the beam axis, and observation is performed

under 90◦. In a typical monitor setup the beam is imaged via

OTR using standard lens optics, and the recorded intensity

profile is a measure of the particle beam spot. OTR has

the advantage that it allows a fast single shot beam profile

measurements, and the radiation output scales linearly with

the bunch intensity (neglecting coherent effects).

In the case of OTR, the separation mechanism corre-

sponds to the direct reflection of pseudo photons at the screen

surface which acts as a mirror and which is assumed to be

a perfect conductor for simplicity (otherwise the Fresnel

coefficients have to be taken into account). In this reflec-

tion process, the virtual photons absorb momentum from

the screen and are released from the charged particle, trans-

formed into real photons (radiation) which can be measured

at large distances as OTR. The reflection does not modify the

field properties, therefore the incoming virtual and outgoing

real photons are described by Eq. (8) and consequently have

the same angular distribution Eq. (10).

An interesting point which goes beyond the scope of this

paper is that the surrounding field of the stripped electron,

moving with constant velocity inside the screen material,

will be reconstructed. This reconstruction does not happen

immediately and results in interesting effects, affecting e.g.

the ionization loss as discussed in Ref. [29]

For a discussion about OTR based beam imaging in view

of the PSF calculation, the formalism derived in the section

about image formation has to be applied to the OTR field

Eq. (8) in the ultra–relativistic limit, i.e neglecting the lon-

gitudinal component. Before doing so, two aspects have

to be considered: (i) In the propagation integral Eq. (2),

the integration has to be performed over the source plane.

Particular care has to be payed concerning the integration

limits, the geometrical screen dimensions and the radial field

extension according to Eq. (9) have to be balanced between

each other. This is especially important for high beam ener-

gies and wavelengths in the THz region where the radiation

properties may be dominated by the screen boundaries. (ii)

Assuming that the field contributing to the imaging process

is originating from an area in the source plane which is given

by the finite extension of the pseudo photon disc. With this

area, an upper limit for the contribution of the quadratic

phase factor in Eq. (2) can be given, i.e. for which cases this

factor has to be taken into account or not. For this purpose,

the spatial coordinates in that phase term which indicates

the near field (Fresnel) diffraction are replaced by the source

extension from Eq. (9), i.e.the phase is rewritten in the form

exp

(
i

k
2a
[x2s + y2s ]

)
= exp

(
i

k
2a
ρ2ext

)
= exp

(
iπ
γ2λ

a

)
.

The quadratic phase term has to be taken into account if

a ≤ γ2λ, which is nothing else than the range estimation for
the pre–wave zone [30]. On the other hand the contribution

can be omitted in the case a 	 γ2λ, resulting in the wave
zone condition. Therefore special care has to be taken at

ultra–relativistic beam energies.

The OTR PSF is calculated based on the propagation of

the pseudo photon field through the optical system Fig. 1.

Details about this calculation can be found in Refs. [31]– [35]

for different cases and examples. For observation in the wave

zone and with the assumption for the angular acceptance of

the optical system θm 	 γ−1, the PSF can be written as

IPSF ∼ ζ−2
[
ζ/γK1(ζ/γ) − J0(ζθm )

]2 (11)

∼ ζ−2
[
1 − J0(ζθm )

]2
with ζ = 2πRi/(Mλ), Ri being the space coordinate in the

image plane, λ the wavelength of observation and M the

magnification of the optical system. The second equations

holds in the ultra–relativistic limit, and it is interesting to

note that the OTR imaging properties are independent of the

beam energy in this limit.

Figure 4: Calculated OTR PSF for a 855 MeV electron

beam and observation with a 2" lens diameter at λ = 500
nm, assuming 1:1 imaging.

Figure 4 shows a calculated PSF according to Eq. (11).

As can be seen, the PSF exhibits an interference structure

similar to the Airy disc with a central minimum, indicating

the origin from a pseudo photon field. Similar to the classical

resolution definition for the Airy disc, it is possible to express

Proceedings of IBIC2014, Monterey, CA, USA TUIZB1

Beam Profile Monitors
ISBN 978-3-95450-141-0

267 Co
py

rig
ht

©
20

14
CC

-B
Y-

3.
0

an
d

by
th

er
es

pe
ct

iv
ea

ut
ho

rs



the OTR resolution Ri0 as the first non–central minimum of

the PSF as shown in Fig. 4, resulting in

Ri0 = 1.12
Mλ
θm
. (12)

In comparison to SR where the resolution in vertical direc-

tion is limited by the angular distribution, in the case of

OTR the angle θm is defined by the optical system because

the OTR angular distribution contains sufficient intensity at

larger angles. It is interesting to compare the OTR resolution

with the one of a classical point source from Eq. (1). As

can be seen, the latter is about a factor of two better than the

one of OTR. Therefore care has to be taken while speaking

about the resolution of an OTR monitor, it is not only the

optical system resolution.

Transverse beam profile imaging in electron linacs is

widely based on OTR as standard technique [36]. While this

type of monitor prevails in electron machines covering an

energy range from 10 keV [37] up to 30 GeV [38], it was

also applied in proton accelerators [39, 40] and for heavy

ion beam diagnostics [41]. Recent advances in OTR based

beam diagnostics are summarized in Ref. [42].

Unfortunately there are physical limitations that make the

method ineffective for reliable diagnostics in modern ac-

celerators. Microbunching instabilities in high–brightness

electron beams of modern linac–driven free–electron lasers

(FELs) can lead to coherence effects in the emission of OTR,

thus rendering it impossible to obtain a direct image of the

particle beam and compromising the use of OTR monitors

as reliable diagnostics for transverse beam profiles. The

observation of coherent OTR (COTR) has been reported in

the meantime by several facilities [43, 44]. While the use of

inorganic scintillators is an alternative scheme to overcome

this limitation [45], beam profile imaging with transition

radiation in the EUV region is an interesting concept be-

cause it results additionally in a better resolution due to the

smaller wavelength. A first proof–of–principle experiment

measuring at a wavelength of λ = 19.6 nm was reported in

Ref. [46].

An interesting option to measure sub–micron beam sizes

with OTR is the application of PSF dominated imaging.

Figure 5: PSF dominated OTR beam image taken with a

linear polarizer and a (550±20) nm optical filter. Image

courtesy P. Karataev (RHUL), see also Ref. [47]

While in standard imaging one strives to minimize the PSF

contribution such that the image is a true replica of the object,

in PSF dominated imaging the object size is much smaller

that the PSF, and the image is dominated by the PSF prop-

erties. In the case of OTR, a non–zero beam size results in

a smearing out of the central PSF minimum, and the beam

size is determined from the image contrast. The first proof–

of–principle experiment was reported in Ref. [48], in the

meantime the authors succeeded in measuring a minimum

beam size of (0.754 ± 0.034) μm with this method [47], see

also Fig. 5.

OPTICAL DIFFRACTION RADIATION
OTR beam size diagnostics has the disadvantage that it

requires the interaction of the beam with the screen. How-

ever, due to the high power density of modern high bright-

ness beams, the energy deposition in the screen may lead

to a damage of the device. Therefore the development of

non–intercepting methods is essential. In this context Opti-

cal Diffraction Radiation (ODR) is an interesting candidate.

This kind of radiation is generated if a charged particle beam

passes close to a diffracting structure like an edge or a slit,

and the physics of DR is well known in the literature, see e.g.

Refs. [1, 49] and the references therein. In the subsequent

discussion and similar to OTR, only backward emitted ODR

will be considered because it is more convenient for beam

diagnostic applications.

Figure 6: An ultra–relativistic electron with typical pancake

field distribution passes close to (a) a metallic edge or (b)

a slit in a metallic screen. Parts of the field are diffracted

away and can be measured as radiation.

The mechanism of radiation generation is similar to the

one of OTR and sketched in Fig. 6. But in the case of

ODR it is not the complete pseudo photon field which is

diffracted away, only a part of it is released from the electron.

Therefore the ODR intensity will be lower than the one of

OTR. Keeping in mind the radial field extension Eq. (9), it is

obvious that the distance from the electron to the edge resp.

the slit size a in Fig. 6 should be within the range of ρext in
order to efficiently generate ODR. Furthermore, in the limit

a � ρext there is no difference between ODR and OTR.

In principle ODR can be generated at any kind of aperture.

However, the use of rectangular slit shapes is advantageous

because the mathematical description is simplified due to

the translational invariance with respect to one coordinate,

and the slit size itself can be considered as infinitely long
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with respect to ρext . As consequence, the beam size in only

one dimension can be deduced from an ODR measurement.

For the PSF calculation of ODR based imaging, the for-

malism introduced before and described in the case of OTR

has to be applied, taking into account the finite integration

limits imposed by the slit dimensions in the source plane.

Theoretical investigations about ODR imaging from a slit

and a single edge are described in Refs. [32,50]. It is intu-

itively clear that if only a part of the pseudo photon field

is released, as it is the case in ODR, it is not the full beam

image which is generated because the PSF contains infor-

mation only in the region where the screen acts as a mirror,

cf. the discussion in Ref. [50]. Nevertheless it is possible

to deduce information about the beam size in the direction

parallel to the slit edge (in the following the horizontal or x
direction) under the assumption that the beam has a Gaussian

shape and that the distance between edge and beam axis is

known. In Refs. [51,52] relative horizontal beam sizes were

measured by cross–calibrating the projected ODR image

intensities with previously measured OTR ones.

In order to deduce beam size information, instead of us-

ing the ODR image the angular distribution from a slit can

also be exploited. In this case, the coordinate correspond-

ing to the direction of the displacement of the beam from

the slit edge is of relevance (in the following the vertical

or y coordinate). Information about the beam size can be

extracted from a measurement of the visibility, i.e. the ra-

tio between the maximum intensity and the intensity in the

central minimum which is smeared out due to the non–zero

beam size σy . However, the ODR angular distribution is not

only influenced by the beam size, but also by the beam offset

from the slit center and by the beam divergence. While the

beam offset can be controlled by a complementary diagnos-

tic device as for example a BPM, the divergence has to be

determined independently. Different schemes are proposed

as discussed e.g. in Refs. [53, 54]. In order to overcome this

ambiguity, in the pioneering experiment [55] a beam with

very low divergence was used such that only the additional

position dependence had to be taken into account which

could be controlled by independent beam position measure-

ments. With this method the authors measured beam sizes

down to about 10 μm [56].

Figure 7: Setup of the ODRI experiment, explanation see

text. Image courtesy A. Cianchi (INFN and Univ. Rome),

see also Ref. [60].

Interferometric measurements are suitable methods to

study beam divergences. ODR as well as ODTR interfer-

ometers are proposed and already in use, c.f. Refs. [57, 58].

However, this report is restricted to the application of beam

profile measurements, but there is one interferometric tech-

nique to measure also beam sizes σy . In the Optical Diffrac-

tion Radiation Interference (ODRI) setup [59] a system of

two slits with different widths is used, c.f. Fig. 7. The For-

ward Diffraction Radiation (FDR) from the first slit which

acts additionally as a shielding mask against SR background

interferes with the Backward Diffraction Radiation (BDR)

from the second slit. The choice of the different slit widths

allows to place the second slit within the formation length

of the first one without nearly complete cancellation of the

interference, thus resulting in a very compact target setup.

Furthermore, the slit centers are slightly off–centered, intro-

ducing a small asymmetry in the interference pattern which

helps to resolve the ambiguities. Using a complex fit rou-

tine, the contributions from beam size, beam divergence and

offset can be disentangled. Figure 8 shows an example of an

ODRI angular distribution measurement together with the

fit to the data, demonstrating the high quality of the method.

In a recent publication [60], vertical beam sizes measured

with the ODRI method and with conventional OTR imaging

were compared from a quadrupole scan, resulting in a very

good agreement in both beam sizes and deduced vertical

emittance.

Figure 8: Top: Angular distribution of ODRI radiation with

superimposed fit. Bottom: 2D angular distribution raw data.

Image courtesy A. Cianchi (INFN and Univ. Rome), see

also Ref. [60].

PARAMETRIC X–RAY RADIATION
Parametric X–Ray Radiation (PXR) is emitted when a

relativistic charged particle beam crosses a crystal, and the

radiation process can be understood as diffraction of the

virtual photon field associated with the particles at the crys-

tallographic planes. As result, radiation is emitted in the

vicinity of directions satisfying the Bragg condition. Be-

cause of the discrete momentum transfer from the crystal

planes which is characterized by the reciprocal lattice vector
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Figure 9: Sketch of the PXR geometry.

�τhkl , PXR exhibits a line spectrum. The energy of the PXR

lines is determined by the momentum conservation

�pi = �pf + ��τhkl + ��k (13)

with �pi, f the electron momentum in the initial and final state

and ��k the associated photon momentum. Keeping in mind
that the electron energy loss is given by the momentum

difference projection onto the electron velocity δE = (�pi −
�pf ) · �v, and that the energy loss is transferred to the emitted
photons, i.e. δE = �ωhkl , the energy of the PXR lines is

derived as

�ωhkl = �c
| �β · �τhkl |

1 − √
ε �β · k̂

(14)

with �β = �v/c the vector of the reduced electron velocity
and ε the crystal dielectric constant which is in the order
of 1 for X–rays, see also Fig. 9. PXR is originating from a

Bragg diffraction of pseudo photons, therefore their angular

distribution exhibits properties of these virtual photons, i.e.

it has a double–lobe structure with a characteristic opening

angle of

Δθ =

√(
1

γ

)2
+

(
�ωp

�ω

)2
(15)

together with the characteristic central minimum. The width

of this structure is larger because the radiation is generated

inside the crystal, therefore material properties influence the

characteristics which is indicated by the plasma frequency

ωp .

PXR for beam diagnostics was independently proposed

in Refs. [61, 62]. Besides the smaller radiation wavelength

and the better resolution, the usage of PXR is advantageous

because it is emitted from crystallographic planes inside the

radiator which usually have a certain inclination angle with

respect to the crystal surface, thus allowing a spatial sepa-

ration from a possible COTR background which is directly

generated at the surface. Disadvantage is the PXR radiation

yield which is typically 1 – 2 orders of magnitude smaller

than the one from transition radiation. Different schemes

were proposed by the different authors: (i) imaging with an

appropriate X–ray optics, (ii) bringing either the detector it-

self close to the target, or a scintillator converting X-rays into

visible light which can be read out by a conventional CCD,

and (iii) exploiting the properties of the angular distribution.

In Ref. [63] the successful imaging with an X–ray pinhole

camera was reported. However, the exposure time of the

detector (image plate) was 3.5 hours corresponding to an

integration of 12600 beam shots. The previously reported

measurement [62] to bring the image plate close to the emis-

sion point suffered from the large background contributions.

In the experiment reported in [64] a scintillator was placed

close to the target, but even no beam image could be ob-

served because of the low intensity. In the same experiment

the angular PXR distribution was investigated in view of

sensitivity on the beam size. The measured angular distri-

butions showed a dependency on the electron beam size,

thus in principle allowing to extract information about the

transverse beam profile. A preliminary analysis of these dis-

tributions indicated that not only PXR was emitted from the

crystal, but in addition radiation components with narrower

opening angles significantly contributed to the measured

intensities. These additional radiation contributions can

be interpreted as higher–order diffracted PXR, Diffracted

Bremsstrahlung, or Diffracted Transition Radiation originat-

ing from the crystal entrance surface and also Bragg reflected

by the crystallographic planes. As consequence additional

studies are required to investigate the applicability of PXR

for beam profile diagnostics.

SMITH-PURCELL RADIATION
Smith–Purcell radiation (SPR) is emitted when an elec-

tron beam passes a diffraction grating at a fixed distance

close to its surface, and the radiation mechanism can be un-

derstood as diffraction of the incoming pseudo photon field

at the grating structure. The grating with spacing D repre-

sents a one–dimensional Bravais structure, thus offering a

discrete momentum �n D
2π . Similar to PXR, the momentum

conservation can be exploited leading to the SRP dispersion

relation

nλ = D(β−1 − cos θ) (16)

with n the diffraction order and θ the observation angle as
measured between grating surface and outgoing photon, c.f.

Fig. 10.

This dispersion relation is a necessary condition for SPR

identification, but it is not sufficient because it describes

D

e

h

z

y

x

a

k

d

θΦ

Figure 10: Sketch of the SPR geometry.
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only the relative phase difference between an electron and

an emitted photon. Keeping in mind that the beam passes the

grating at a certain distance d, it is the pseudo photon field
extension which uniquely determines this radiation source.

While the fields scale by Eq. (9), the intensity scales with

the square of the fields resulting in a characteristic decay

constant hint =
λβγ
4π . In Ref. [65] it is demonstrated how

these SPR characteristics can be used to discriminate against

background radiation.

A general overview about SPR in view of particle beam

diagnostics is given in [66]. An SPR based transverse beam

profile measurement is described in this reference, but as a

one–dimensional scanning method it was never intended and

designed to be used for this purpose, therefore it may never

compete with other radiation based profile measurements de-

scribed before. Furthermore, in Ref. [67] the use of SPR as a

high–resolution position sensor for ultra relativistic electron

beams was proposed, but the most promising application

seems to be for longitudinal profile diagnostics as described

in the next section.

COHERENT RADIATION DIAGNOSTICS
A method widely applied for bunch length diagnostics is

Coherent Radiation Diagnostics (CRD) [68]. Radiation is

emitted coherently if the wavelength is in the order of the

bunch length, i.e. information about bunch length and shape

is encoded in the emission spectrum which is exploited in

CRD. In case of coherent emission, the spectral intensity is

strongly amplified which can be expressed in the following

form:

dU
dλ

=

(
dU
dλ

)
1

(
N + N (N − 1) |F (λ) |2

)
(17)

with F (λ) =
∫ ∞

−∞
dz S(z) e−2πiz/λ .

Here (dU/dλ)1 is the single particle emission spectrum, N
the number of particles in the bunch, and F (λ) the bunch
form factor which is related to the normalized bunch profile

S(z) via a Fourier transform. According to Eq. (17), from a

measurement of the spectral intensity and with knowledge of

the single electron spectrum together with the bunch charge,

the form factor can be determined. Inverting the Fourier

transform results in the reconstructed bunch profile S(z).
The situation is more complex because it is the magnitude

|F (λ) | of the form factor which is determined rather than

the complex form factor itself. Reconstruction is possible

only if both amplitude and phase are available. Although

a strict solution of this phase–reconstruction problem is

not possible, a so–called minimal phase can be constructed

with the Kramers–Kronig relation which gives a handle to

solve this problem satisfactory. A detailed treatment of this

problem can be found e.g. in Ref. [69].

In principle any kind of coherent radiation can be used as a

radiation source. Measurements were performed with coher-

ent synchrotron radiation, transition radiation, and diffrac-

tion radiation. The resolution of CRD is limited to about

100 fs, mainly caused because of uncertainties in the spec-

tral reconstruction. Drawback of CRD is that the radiation

sources are polychromatic, i.e. a spectrometer is required

for the spectral decomposition which is usually a scanning

device and does not allow single–shot measurements. In

this context the development of multi–stage spectrometers

(see e.g. Ref. [70]) is a very interesting alternative.

SPR is an other promising alternative because the radia-

tion source is dispersive by itself. The idea to use this kind of

radiation for CRD was discussed several years ago [71, 72].

In the last years, a series of experiments was published per-

formed by a group of authors at different accelerators in

an energy range from 1.8 MeV up to 28.5 GeV [73]– [76].

These experiments demonstrate the potential to use SPR in

view of CRD with the possibility to perform even single shot

diagnostics.

However, there is one critical point in connection with

SPR based CRD which is related to the knowledge of the

exact theory describing the single particle emission spectrum

in Eq. (17). In Ref. [77] a comparison of the various theories

is given, demonstrating that there are discrepancies of orders

of magnitude in the prediction especially at higher beam

energies.

SUMMARY
In this report, some basic applications of radiation phe-

nomena and their physical background in view of particle

beam diagnostics are presented. While some of these ra-

diation mechanisms like SR and OTR became already a

standard method for beam profile monitors, ODR for trans-

verse and SPR for longitudinal measurements are already

applied but not yet established. The application of PXR is

rather new in this field, but nevertheless a stimulating phase

of experiments is expected during the next years.
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