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Transition radiation (TR) and diffraction radiation (DR) has widely been used for both electron beam
diagnostics and generation of intense radiation beams in the millimeter and the submillimeter wavelength
range. Recently, it was theoretically predicted that TR and DR properties change either at extremely high
energies of electrons or at long radiation wavelengths. This phenomenon was called a prewave zone effect.
We have performed the first observation and detailed investigation of the prewave zone effect in optical
diffraction radiation at 1.28 GeV electron beam at the KEK-Accelerator Test Facility (KEK-ATF). The
beam energy at KEK-ATF is definitely not the highest one achieved in the world. Since we could easily
observe the effect, at higher energies it might cause serious problems. We developed and applied a method
for prewave zone suppression valid for optical wavelengths. Furthermore, a method for prewave zone
suppression applicable for longer radiation wavelengths is discussed.
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I. INTRODUCTION

Up-to-date transition radiation (TR) and diffraction ra-
diation (DR) appearing when a charged particle moves
through or passes nearby a medium has widely been used
for both electron beam diagnostics [1–6] and generation of
intense radiation beams in the millimeter and the submil-
limeter wavelength range [7–10]. In spite of the fact that
TR and DR have been intensively theoretically and experi-
mentally investigated for over 50 years, recently it was
theoretically predicted [11] that TR and DR spatial-
spectral properties change either at extremely high ener-
gies of electrons or at long wavelengths of the emitted
radiation. This phenomenon was called the prewave zone
effect (PWZ). Afterwards, many scientists have performed
rigorous theoretical investigation of the PWZ effect in TR
phenomenon [11–16].

A field of emitted radiation is usually considered in two
zones: near-field zone and far-field zone. The near-field
zone is considered at the distance from the source compa-
rable to its transverse dimensions. This definition is fre-
quently used for laser radiation. In this case the theoretical
models have the most general as well as the most compli-
cated representations. The far-field zone is an approxima-
tion, which might be used at comparatively large distances
from the source. In laser physics the far-field zone is
frequently considered at the distance from the source
much larger than its transverse dimensions. In this case
the theoretical consideration is significantly simplified,
e.g., the radiation field in the far-field zone can be consid-

ered as a Fourier transform of the radiation source, i.e.,
Fraunhofer diffraction.

However, this determination of the far-field zone is not
valid for radiation emitted by a source induced by a rela-
tivistic charged particle. The radiation emitted by the
source has an intrinsic angular divergence of order of
���1, where � is the charged particle Lorentz factor.
The effective radiation source size is defined as ��=2�
(see, for instance, [17]). In order to obey the far-field
approximation, the radiation source size should be much
smaller than the radiation spatial distribution at the obser-
vation plane, i.e.

 

��
2�
�

L
�
: (1)

Here � is the radiation wavelength and L is the distance
from the source to the observation plane. Using Eq. (1),
one can formulate the PWZ condition:

 

��
2�
� L �

�2�
2�

: (2)

From Eq. (2), the PWZ is the distance from the source
much larger than its transverse dimensions, but not large
enough to apply the far-field approximation (i.e. PWZ is in
between the near-field and far-field zones). It is clear that
the PWZ effect becomes severe at extremely high energies.
For example, for SLAC final focus test beam (FFTB)
energy of 30 GeV [1] (� � 60 000) and an optical wave-
length � � 500 nm, the far-field approximation should be
used at the distance of a few kilometers, which is very
difficult to achieve in practice. Furthermore, the PWZ
effect can be significant at moderate relativistic energies,
if the radiation wavelength of interest is too long. For
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example, for a 50 MeV electron beam and 1 mm radiation
wavelength, according to Eq. (1) the far-field approxima-
tion can be used at the distance L> 10 m.

The first observation of the PWZ effect in optical tran-
sition radiation (OTR) was presented in [18]. The authors
presented some broadening of the OTR spatial distribution
for two different wavelengths. The experimental results
were in good agreement with the theoretical expectations.
However, there was a weak doubt about if they had really
observed the PWZ effect. Our theoretical considerations
made us believe that a certain target deformation might
lead to a similar behavior of the OTR spatial distribution.
For example, in [19] it was clearly shown that TR or DR in
the PWZ at the distance, L, from the detector have similar
characteristics as the radiation in the far-field zone (target-
to-detector distance tends to infinity) from a concave (or
convex) target with curvature radius, R.

Therefore, we needed an alternative confirmation about
the PWZ existence. Furthermore, the PWZ effect in optical
diffraction radiation (ODR) was expected as well. The
theory predicted some specific peculiarities of the ODR
spatial characteristics, which are absent in the far-field
zone. A detailed investigation of ODR properties could
give a lot of information about the PWZ effect and prob-
lems related to it.

We have performed the first observation and detailed
investigation of the PWZ effect in ODR at 1.28 GeV
electron beam of KEK-Accelerator Test Facility [20]. We
have measured OTR in the PWZ and confirmed the char-
acteristics presented in [18].

We have also developed and applied a method for PWZ
suppression valid for optical wavelengths. The theory pre-
dicted that, by putting the detector in the back focal plane
of a focusing lens, the PWZ effect should disappear.
Moreover, according to [19] all DR models developed in
[21–24] should be valid.

Furthermore, a method for prewave zone suppression
applicable for longer radiation wavelengths is discussed.

II. DIFFRACTION RADIATION IN THE PREWAVE
ZONE

Diffraction radiation (DR) appears when a charged par-
ticle moves in the vicinity of a medium (target). The field
of passing particle interacts with the target’s surface in-
ducing currents changing in time. Those currents give rise
in radiation. The DR photon yield becomes significant and
easily detectable if the impact parameter, h (the shortest
distance between the target and the particle trajectory), is
smaller than the effective electron field radius:

 h �
��
2�

: (3)

In this case the electron does not directly interact with
the target medium. It excludes multiple scattering of the
incident particle on the electron shells of the medium
atoms. It precludes both the target damage due to the
ionization heating process and the worsening of the elec-
tron beam parameters. That is what makes the DR phe-
nomenon very interesting.

The PWZ theory has been considered in many papers
[11–16,19]. In this chapter we introduce the theoretical
approach used for calculating the DR characteristics and
for their comparison with experimental results. General
formulas and the most important DR characteristics in
both the prewave and far-field zones are described.

A. General formulas

Classic DR theory is based on Huygen’s principle of
diffraction of light [17]. The particle field is introduced as a
superposition of the pseudophoton fields. When the parti-
cle passes nearby a flat screen, the pseudophotons are
scattered from it converting into real ones, and propagate
in the direction of specular reflection.

The calculation geometry is represented in Fig. 1. An
electron moving rectilinearly and with constant velocity
transverses a screen plane through a rectangular hole
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FIG. 1. Geometry of the DR production: (a) without the lens; (b) with the lens. Here xs and ys are the coordinates of the target
surface; � and � are the coordinates of the lens surface; x and y are the detector coordinates; L1 is the distance from the target to the
lens; f is the lens focus, L � L1 � f is the distance from the target to the detector; �x;y are the radiation propagation angles measured
from the specular reflection direction, ain and aout are the slit and screen dimensions along the y-axis, respectively. In the paper we also
use the slit and screen dimensions in the perpendicular direction along the x-axis named as bin and bout, respectively.
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placed perpendicular to the particle trajectory. In fact in our
experiment the target is placed at a 45 deg angle with
respect to the electron trajectory; however, a detailed
analysis shows that, as long as the target tilt angle is
much larger than 1=�, the characteristics of DR propagat-
ing in the direction of specular reflection are not signifi-
cantly different from a perpendicular case. In order to
simplify the mathematical part of the paper, we shall use
a perpendicular geometry and make all necessary links to
the tilted target.

Throughout the paper the system of units @ � me � c �
1 is used.

A general form of the DR field from an electron moving
in the vicinity of a screen can be represented as

 EDR
x;y � �

Rx;yk

4�2

ZZ
Eix;y�xs; ys�

ei’

jrj
dysdxs: (4)

Here the indices x and y represent the horizontal and
vertical polarization components, ’ � kjrj is the phase
advance of the waves propagating from the target to the
detector, r is the distance from an arbitrary radiation point
on the target to an arbitrary point in the detector plane [see
Fig. 1(a)], k � 2�=� is the wave number, Rx;y are the
Fresnel reflection coefficients, Eix;y�xs; ys� is the amplitude
of an arbitrary elementary source on the target surface,
which is represented as an inverse Fourier transform of the
incident particle field:
 

Eix;y�xs; ys� � �
ie

2�2

ZZ k0x;y exp	i�k0xxs � k0yys�


k02x � k
02
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2��2 dk0xdk0y

�
ek
��

xs; ys����������������
x2
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s

p K1

�
k
�

����������������
x2
s � y2

s

q �
: (5)

Here e is the electron charge and K1 is the McDonald
function (or modified Bessel function). In Eq. (4) the
double integral defines the dimensions and configuration
of the screen.

The phase advance, ’, is determined by the time that
photons need to reach the detector [see Fig. 1(a)].
Therefore, the phase term in Eq. (4) can be written as

 

ei’

jrj
�
eikjrj

jrj
�

exp	ik
��������������������������������������������������������
L2 � �xs � x�

2 � �ys � y�
2

p

��������������������������������������������������������

L2 � �xs � x�2 � �ys � y�2
p : (6)

This is the most general representation that includes a
near-field effect. Assuming that the detector is placed at a
distance much larger than the radiation source size deter-
mined by the effective electron field radius, we can use a
series expansion and significantly simplify the phase term

 

ei’

jrj
�

1

L
exp

�
ik
2L
�x2
s � y2

s� �
ik
L
�xsx� ysy�

�
: (7)

Here we omitted the phase terms independent of the
integrals. One may see that the second term is responsible
for the Fraunhofer diffraction. The first term is the first

order Fresnel correction to the Fraunhofer diffraction the-
ory. If the first term is negligibly small, the Eq. (7) repre-
sents a pure Fraunhofer diffraction case, i.e., the far-field
approximation.

Let us consider the first term in Eq. (7). From the
physical aspects of the DR process, we know that the
amplitude of the elementary sources on the target surface
at the distance much larger than the effective electron field
radius is very small. That means that we can consider the
range xs, ys < ��=2�. Therefore, the condition for the far-
field approximation can be represented in the following
form [19]:

 

k
2L
�x2
s � y

2
s� � 1)

�2�
2�L

� 1) L�
�2�
2�

: (8)

One may see that the condition (8) fully coincides with
Eq. (2), that confirms its validity. If the condition repre-
sented by Eq. (8) is fulfilled, then one can consider the DR
process in the far field. In this case the mathematical
representation is significantly simplified ([21–24], and
references therein).

The purpose of this work is to investigate the DR char-
acteristics inside the prewave zone. In order to calculate the
DR differential spatial-spectral distribution per unit photon
energy and per unit angular interval including the PWZ
effect, one should substitute Eq. (4) together with Eqs. (5)
and (7) into

 

d2WDR

d!d�
� 4�2L2	jEDR

x j
2 � jEDR

y j
2
: (9)

Here d� � dxdy=L2 is the unit angular interval. One
should keep in mind that d� � d�xd�y is valid in the far-
field only. Moreover, in the far field Eq. (9) becomes a
differential spectral-angular distribution, i.e., the angles of
photon emission coincide with the observation angles.

The PWZ effect can be significantly suppressed or even
rejected if the detector is placed in the back focal plane of a
focusing lens [see Fig. 1(b)]. The expression for the DR
field in the back focal plane of a lens can be written as (see,
for instance, [19])

 EDR
x;y �

ik2Rx;y
8�3

ZZ
dysdxs

ZZ
d�d�Eix;y�xs; ys�


ei’s

jrsj
ei’l

ei’d

jrdj
: (10)

Here ’s � kjrsj is the phase advance of the photons
propagating from the target to the lens, ’d � kjrdj is the
phase advance of the photons propagating from the lens to
the detector, and ’l is the phase defining the time delay
caused by the lens. All these three phase terms can be
represented in the following form:
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jrsj
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1
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e	�ik=2L1��x2

s�y2
s ���ik=L1��xs��ys����ik=2L1���2��2�
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ei’d
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�

1

f
e	�ik=2f��x2�y2���ik=f��x��y����ik=2f���2��2�
:

(11)

The phase term, ’l, is presented in a thin lens approxi-
mation. One should know that in the approach presented in
this paper the optical axis of the lens coincides with the
electron beam trajectory. However, in reality an electron
beam has finite transverse dimensions. In this case some
part of the beam electrons has offsets with respect to the
optical axis. Nevertheless, for a thin lens approximation
and for the detector placed in lens focus, those offsets do
not cause any difference and can be forgotten. This ap-
proximation is valid in our case because the distances in
our experiment are much larger than the cross section of
the DR light beam at any location of the optical system.
Substituting Eq. (11) in (10) and omitting the phase terms
independent of the integrals, the DR field at the detector
[see Fig. 1(b)] can be written as
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i
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Z

exp
�
ik

2L1

�
�� ys � y

L1

f

�
2
�
d�: (12)

The last two integrals in Eq. (12) define the lens shape
and take into account the diffraction of DR light on the lens
of finite dimensions. According to [19], one can apply an
infinite lens approximation, if the following condition is
fulfilled:

 Rl �
L1

�
�
��
2�

: (13)

Here Rl is lens radius. In this case the expression (12)
can be significantly simplified:
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Rx;yk

f4�2

ZZ
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i
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�
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�
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f
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y
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��
: (14)

One may see that Eq. (14) represents the DR field in the
form similar to the far-field (Fraunhofer diffraction) case.
By making the following substitution,

 

x
f
! �x and

y
f
! �y: (15)

One can derive models used in [21–25] to calculate DR
characteristics in the far-field zone. Equation (14) demon-
strates that a thin lens can remove the PWZ effect.

In order to calculate spatial-spectral characteristics of
DR in a back focal plane of a lens, one should use an
expression similar to Eq. (9):

 

d2WDR

d!d�
� 4�2f2	jEDR

x j
2 � jEDR

y j
2
: (16)

Here d� � dxdy=f2 is the unit angular interval mea-
sured in the space behind the lens [see Fig. 1(b)].

One should say that in a real experimental situation
chromatic aberrations in a lens might introduce an addi-
tional systematic error. In order to minimize that, one
should choose the lens focus to be much larger than the
transverse dimensions of the radiation spot on the lens
surface. In this case the chromatic aberrations can be
neglected.

B. Far-field transition (TR) and diffraction (DR)
radiation properties

The far-field DR as a possible tool for noninvasive
electron beam diagnostics has been considered in detail
during the past few years [21–25]. An expression for
radiation field in far-field zone can be represented in the
following way:
 

EDR
x;y � �

iek2Rx;y
L4��3

ZZ
dysdxs

xs; ys����������������
x2
s � y2

s

p K1

�
k
�

����������������
x2
s � y2

s

q �
 exp	�ik�xs�x � ys�y�
: (17)

This expression can be easily derived using Eqs. (4) and
(7) by applying the far-field condition (8). Here �x;y �
arctan�x; y=L� � x; y=L.

The integral in the Eq. (17) defines the target profile. By
choosing infinite integral limits, one can derive a well-
known expression for the backward TR field from a
charged particle crossing an infinite boundary between
vacuum and a medium:

 

Einf
x

Einf
y

 !
�

ie

2�2L
Rx�x
Ry�y

� �
1

�2
x � �2

y � ��2 : (18)

Applying Eq. (9), we have TR spectral-angular distribu-
tion

 

d2Winf

d!d�
�

�

�2

jRxj2�2
x � jRyj2�2

y

��2
x � �

2
y � �

�2�2
: (19)

Here � is the fine structure constant. Figure 2(a) repre-
sents a three-dimensional TR angular distribution.
Actually the most popular TR angular distribution is an
azimuthally symmetric (‘‘crater’’-like) one. However, that
is only valid for either a perfectly conducting target mate-
rial or for a normal particle incidence. One may see that the
TR has an azimuthal asymmetry in Fig. 2(a). The reason is
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that, if the target is tilted with respect to the electron
trajectory, the Fresnel reflection coefficients (that take
into account the medium properties [26,27]) for vertical
and horizontal polarization components might be signifi-
cantly different. The difference is determined by the target
tilt angle, the radiation wavelength, and the target material.
This phenomenon was clearly observed in [28]. As it is
described in the next section, our target is a silicon wafer
covered with gold; therefore, all calculations in the theo-
retical part of the paper are performed for a gold target.

Integrating Eq. (17) from�1 to1 over xs, from�1 to
�ain=2� as, and from ain=2� as to1 over ys [where ain

and as are the slit size (see Fig. 1) and the offset of the
electron trajectory with respect to the slit center, respec-
tively], one may obtain an expression for two polarization
components of DR spectral-angular distribution generated
by a charged particle moving through a slit between two
semiplanes [21–25]:
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�
�y � 2 

��
:

(20)

Equation (20) represents DR spectral-angular distribu-
tion for a case when the particle trajectory is perpendicular
to the target plane. According to [22], for a tilted case (if

the target tilt angle is � 1=�) DR and TR distribution
remain unchanged, except the angles �x and �y should be
measured from the mirror reflection direction and the ain is
an effective slit size (the real slit size is determined as a �
ain= sin�0, where �0 is the target tilt angle measured from
the electron trajectory).

DR three-dimensional angular distribution is illustrated
in Fig. 2(b). This distribution has been measured experi-
mentally and presented in [28,29]. The DR maximum
intensity is comparable to the TR one. However, the most
important far-field DR characteristics are represented in
Fig. 3. One may see that if the electron moves off center of
the slit the intensity increases because the particle moves
closer to one of the target edges, but the distribution itself
remains symmetric. That is because the distance from
target to the observation point is large enough to accom-
plish the interference of the radiation produced at different
parts of the target.

One may notice that Eq. (14) is similar to Eq. (17) used
for the derivation of the far-field equations (18)–(20). That
means that if the detector is placed in the back focal plane
of a lens all DR and TR properties should be the same as in
the far-field approach. In this case the angular variables
should be �x;y � arctg�x; y=f� � x; y=f. The most impor-
tant thing to know is that Eq. (14) is independent of
distance from the target to the lens.

In the next section we describe both the basic TR and
DR properties in the prewave zone and the problems
related to it.
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FIG. 3. TR (solid line) and DR angular distributions calculated
for different electron positions with respect to the slit center:
as � 0, dash-dot-dotted line; as � 70 �m, dashed line; and
as � 90 �m, dash-dotted line. Calculation parameters: � �
2500, � � 500 nm, ain � 0:185 mm, �0 � 45�, and jRyj2 �
0:37.
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FIG. 2. (a) Angular distribution of TR from a particle crossing
an infinite boundary. (b) Angular distribution of DR from a
particle moving through a slit between two semiplanes.
Calculation parameters: � � 2500; � � 500 nm; ain �
0:185 mm and as � 0; reflection coefficients for gold, �0 �
45� target tilt angle and 500 nm wavelength are jRxj2 � 0:61
and jRyj2 � 0:37 [26,27].
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C. Transition and diffraction radiation properties in the
prewave zone

The prewave zone (PWZ) effect in the TR phenomenon
was predicted theoretically in [14]. Later it was observed
experimentally in [18]. We assumed that the PWZ effect in
the DR phenomenon could be similar or even more severe.

The TR field generated by a charged particle passing
through a rectangular conducting screen in the PWZ can be
obtained by substituting Eq. (7) in (4):
 

ETR
x;y�aout; bout� � �

Rx;yk

L4�2

Z aout=2�as

�aout=2�as
dys


Z bout=2�bs

�bout=2�bs
dxsE

i
x;y�xs; ys�

 e	�ik=2L��x2
s�y2

s ���ik=L��xsx�ysy�
: (21)

Here aout and bout are outer target dimensions (see
Fig. 1); as and bs are the offsets of the electron trajectory
with respect to the target center along the y-axis and the
x-axis, respectively. In order to avoid the effect of finite
target dimensions, in Eq. (21) the following condition
should be fulfilled:

 aout �
��
2�

and bout �
��
2�

(22)

This is the approximation of an infinite boundary.
Substituting Eq. (21) in (9), we can calculate TR

spectral-spatial characteristics in the PWZ. The calculation
results are represented in Fig. 4. Figure 4(a) represents the
TR spatial distribution in the far-field zone (L�
�2�=2�), which coincides with the distribution calculated
with Eq. (19) and shown in Fig. 2(a). However, if the
distance from target to detector is comparable to or smaller
than the parameter �2�=2�, one may see a serious broad-
ening of the TR spatial distribution [see Figs. 4(c) and
4(d)]. Inside the PWZ the photon density is no longer
inversely proportional to the squared distance from the
source. Moreover, for higher electron beam energy the
PWZ distance is longer. Figure 5(a) represents 2D TR
distributions calculated for different distances and
Fig. 5(b) shows the interpeak distance of the TR spatial
distribution as a function of the target-to-detector distance.
Since the distance, L, is represented in relative units, one
can point out a region related to the optical wavelength
range. In contrast to the far-field approach, the TR in the
PWZ has an additional wavelength dependence that can be
easily detected in an experiment. Furthermore, the inter-
peak distance in the far-field zone or in the back focal plane
of a lens should be constant and equal to �2��1.

This phenomenon in the incoherent part of the radiation
spectrum was clearly observed in [18]. We have also begun
our series of experiments with measurements of TR in the
optical wavelength range, in order to confirm the results of
[18] before starting DR measurements, which was ex-
pected to have a more complicated behavior.

The DR field generated by a charged particle passing
through a rectangular opening in a rectangular screen in the
PWZ can be calculated using well-known Babinet’s prin-
ciple. Applying Eq. (21), we have

 EDR
x;y �aout; bout� � ETR

x;y�aout; bout� � E
TR
x;y�ain; bin�: (23)
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FIG. 4. TR 3D spatial distribution in the PWZ calculated for
different distances from the target to the detector: (a) L �
10�2�=2� � 5 m (far-field zone), (b) L � 2�2�=2� � 1 m,
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0:25 m. Calculation parameters: � � 2500, � � 500 nm, aout �
9 mm, bout � 7 mm, as � bs � 0, �0 � 45�, jRxj2 � 0:61, and
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2 � 0:37.
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FIG. 5. (a) TR spatial distribution at x � 0 in the PWZ calcu-
lated for different target-to-detector distances: L �
10�2�=2� � 5 m (dash-dotted line), L � 0:9�2�=2� �
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P. KARATAEV et al. Phys. Rev. ST Accel. Beams 11, 032804 (2008)

032804-6



One may calculate the DR spatial-spectral character-
istics by substituting Eq. (23) in (9). Figure 6 represents
the DR spatial distribution in the PWZ. One may see that as
well as TR the DR distribution is also broader inside the
PWZ. As well as TR, DR spatial distribution has a similar
dependence as a function of the radiation wavelength or as
a function of the target-to-detector distance. However, that
is not the only peculiarity. If the electron passes through the
center of the slit, one may see a symmetric distribution
along the x-axis or the y-axis [Fig. 6(a)]. If there is an offset
of the electron trajectory with respect to the slit center, a
strong asymmetry appears, which is absent in the far-field
zone (see, for instance, Fig. 3). Moreover, it becomes
stronger while the offset increases. These DR radiation
properties appear in the PWZ, where the distance from
the source is not large enough, and interference from two
halves of the target is not accomplished. If the offset, bs,
along the x-axis is also different from zero, the DR pattern
has a lot more complicated structure.

Figure 7(a) illustrates the DR spatial distribution in the
plane x � 0 calculated for a few electron trajectory offsets
with respect to the slit center. The asymmetry of the
distribution can be calculated in the following manner:

 A �
Ilmax � Irmax

Ilmax � Irmax

100%: (24)

Here Ilmax and Irmax are the left and right maxima of the
DR spatial distribution. The asymmetry as a function of the
offset is represented in Fig. 7(b). One should notice that the
asymmetry becomes stronger at shorter wavelengths, at
higher electron energy, or at smaller target-to-detector
distances. Figure 7(b) was calculated for an optical wave-
length. The asymmetry reaches 40% that should be pos-
sible to measure in an experiment.

III. EXPERIMENTAL SETUP

The experiment was carried out at KEK-Accelerator
Test Facility (ATF). The ATF consists of a photocathode
RF gun, an 80 MeV preinjector linac, a 1.28 GeV S-band
linac, a transport line, a damping ring, and an extraction
line. KEK-ATF is a world’s unique facility, which is one of
the most appropriate machines for testing different accel-
erator techniques and technologies [20]. It has an ex-
tremely low emittance and high brightness beam, which
is required by the future Linear Collider project. The
parameters of extracted electron beam are introduced in
Table I.

Our experimental setup was installed at the diagnostics
section of the ATF extraction line. The experimental layout
is represented in Fig. 8. The experimental setup was ini-
tially constructed as an ODR monitor for beam size mea-
surements. It was well described in [5,28,29]. Here we
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TABLE I. KEK-Accelerator Test Facility beam parameters.

Maximum energy 1.28 GeV (� � 2500)
Energy spread 0.08%
Beam emittance Vertical �1:5� 0:25�  10�11 m rad

Horizontal �1:4� 0:25�  10�9 m rad
Extracted bunch length �9 mm (30 ps)
Single bunch population �1� 2�  1010 e�

Beam size at ODR Vertical 	y < 10 �m
Horizontal 	x < 30 �m
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briefly overview the main components of the ODR monitor
and describe all modifications of the system we made for
the prewave zone effect study.

The setup consists of a target vacuum chamber (ODR
chamber), laser alignment system, and detector module.
The target chamber design is based on the wire scanner
used at KEK-ATF for beam size, emittance, dispersion, and
jitter measurements [20]. It consists of a vacuum chamber,
target holder mounted at 45 deg with respect to the electron
beam trajectory on a stage of remotely controlled pulse
step motor. The linear gauge of the motor is <0:5 �m.

The target was a silicon wafer plate coated with gold.
The plate has a 5 mm 0:26 mm hole made by chemical
etching. Since the horizontal hole width is much larger than
the electron field radius treated as ��=2�, the target can be
considered as a slit between two semiplanes. Furthermore,
two halves of the target are not completely separated.
Because of that two parts of the target are naturally copla-
nar. The target parameters are listed in Table II. The target
configuration was described in [28]. Figure 9 represents the
Fresnel reflection coefficients of gold calculated using
[26,27] for optical wavelength range and 45� incidence
angle. Namely, these values for reflection coefficients were
used for ODR calculation and comparison with the
experiment.

The detector module is represented in Fig. 10. As a
detector we applied a highly sensitive cooled CCD camera
system. The CCD parameters are listed in Table III. The

CCD sensitivity as a function of wavelength is represented
in Fig. 11.

In front of the CCD we installed a vertical stage to hold a
polarizer, an optical filter, and a focusing lens. All those
components can be easily removed or replaced when nec-
essary. We used an optical lens with f � 200 mm and
400 mm in diameter. The lens-to-CCD distance was set
to be 200� 2 mm, which is exactly the focal distance of
the lens. Four optical filters were used in our experiment.
The filter characteristics and Fresnel reflection coefficients
for gold target are represented in Table IV.

The total distance from target to CCD sensor was L �
440 mm. For the wavelength range determined by our
optical filters, the distance corresponds to L �
�1:24� 0:72��2�=2�. According to the theoretical ap-
proach presented in the previous chapter, this distance
range corresponds to a strong PWZ.
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FIG. 8. Experimental layout.

TABLE II. Target parameters.

Average roughness 20 nm
Average flatness <100 nm
Silicon dimensions Thickness 0.3 mm

Width (bout) 7 mm
Height [aout= sin�45��] 9 mm

Slit dimensions Width (bin) 5 mm
Height [ain= sin�45��] 0.26 mm

Edge uniformity �1 �m
Gold thickness �1 �m

Wavelength (µm)
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FIG. 9. Reflection coefficients for gold: vertical (dashed line)
and horizontal (solid line) polarization components.
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The alignment system consists of a laser system, a
vacuum mirror, and two screen monitors. The laser system
consists of a laser stage, a He-Ne cw laser, a spatial filter,
and a focusing lens. Changing the distance between the
spatial filter and the lens, one may focus the laser at any
point of the experimental setup (screen monitors, target,
detector).

The vacuum mirror reflects the laser light along the
beam line. We can observe the laser spot and electron
beam spot at two screen monitors situated upstream and
downstream of our target. If the laser position and electron
beam position at those screens do not coincide, the laser
direction can be corrected using precise adjustment screws
of the laser stage. When the laser alignment system is tuned
up, we low down the target; and reflecting the laser light
from it, we can align all optical components of the detector
module. The first experiment has shown that the alignment

system accuracy is smaller than ��1 � 0:4 mrad, which is
quite enough for our purposes.

A bending magnet situated 8 m upstream of our target
was the main source of the synchrotron radiation (SR)
background. In order to avoid SR background we set up
a SR mask about 0.3 m upstream of our target. The mask
performance has been described in details in [29]. The
mask itself is a 20 mm 20 mm ceramic plate with a
1 mm 2 mm hole in it. This hole was big enough to let
the electron beam go through without producing any sig-
nificant ODR photons. Since the SR source is 8 m away, the
SR spot in the vicinity of the target surface is rather large,
and, therefore, the mask cuts off the dominant part of the
SR background photons.

The mask chamber was mounted on a two-dimensional
moving stage in order to adjust the mask position with
respect to the electron beam. When the electron beam
moves through the mask material it produces hard brems-
strahlung photons. Those photons were detected by an Air-
Cherenkov counter installed downstream our target. Since
the Air-Cherenkov detector registers very high-energy
photons (> 20 MeV), the response from it strongly de-

TABLE IV. Parameters of optical filter.

Filter name 350 nm 450 nm 550 nm 600 nm

Center wavelength, nm 354.7 458.7 558.2 608.8
Peak transmission, % 30.15 65.96 68.26 60.70
Bandwidth (FWHM), nm 34.57 36.27 40.95 36.63
jRxj

2 for gold 0.49 0.52 0.90 0.95
jRyj

2 for gold 0.24 0.27 0.82 0.89

e_

ALTA E4000

440mm

polarizer

optical filter 

lens ( =200mm)f

200mm

target 

ODR, OTR

FIG. 10. Detector module.

TABLE III. Alta E4000 —High performance cooled CCD
camera system specifications.

CCD type Kodak KAI-4020M
Array size (pixels) 2048 2048
Pixel size 7:4 7:4 microns
Imaging area 15:15 15:15 mm
Dynamic range >77 dB
Peak QE (500 nm) 55%
Dark current 0:2 e�=pixel= sec @ �30�C
Digitization 16 bit
Minimum cooling temperature �30�C
Pixel binning 1 1 to 10 2048 on-chip
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FIG. 11. Absolute quantum efficiency (QE) of the CCD sensor
as a function of the detecting radiation wavelength. Gray points
indicate the QE of the CCD sensor for central wavelengths of the
optical filters used in the experiment.

EXPERIMENTAL OBSERVATION AND INVESTIGATION OF . . . Phys. Rev. ST Accel. Beams 11, 032804 (2008)

032804-9



pends on the number of particles directly interacting with
the mask material. By measuring the photon yield as a
function of the mask position, we could determine the
mask hole center and let the electron beam go through it.

In a similar way we determined the ODR target position.
A typical dependence of the bremsstrahlung photons as a
function of the target position is represented in Fig. 12.

One may see that the dependence shown in Fig. 12 is
asymmetric. The reason is that the target has oblique edges.
A detailed description of the target design was represented
in [28]. By making a linear fit of two straight sections, one
may determine the slit size and its center with respect to the
beam line.

We also have a 10 �m tungsten wire mounted on the
target holder for vertical beam size measurements. The
measurement results are represented in the next chapter.

IV. EXPERIMENTAL RESULTS

In order to achieve a success in our experiment, we
optimized the electron beam optics using SAD code [30].
The purpose was to minimize the distortion of the OTR
spatial distribution due to large transverse electron beam
size that results in smoothing of the OTR pattern. The OTR
radiation has an intrinsic angular divergence of order of
��1. In order to minimize the distortion, the beam size
should obey the following inequality:

 	x;y �
L
�
� 176 �m: (25)

A similar distortion might be expected in the ODR
spatial distribution together with the beam size effect
considered in [21–25] and measured in [5].

The SAD calculations are demonstrated in Fig. 13 (open
circles), where the horizontal scale is the wire scanner
number at the ATF extraction line. The ODR chamber is
located between the third and the fourth ones. The pre-
dicted beam sizes at the ODR target location were 	x �
30 �m and 	y � 4 �m.

The vertical beam size profile measured with the 10 �m
tungsten wire installed in the ODR chamber is represented
in Fig. 14. The beam size determined from the Gaussian fit
is bigger than the predicted one but it is small enough for
our purposes. The difference between the calculation and
measurements depends on how well the ATF damping ring
is tuned up. It also depends on the electron beam charge
since the intrabeam scattering effect was not taken into
account in the calculations.

Unfortunately, we do not have a horizontal wire in the
ODR chamber. However, we measured the horizontal beam
size with five wire scanners in the extraction line situated
upstream and downstream of our target. The calculations
and measurements are consistent with each other. It al-
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lowed us to conclude that the horizontal beam size is also
small enough.

One should say that, minimizing the transverse beam
size, the beam angular divergence increases proportionally.
It also might cause additional distortion of the OTR (ODR)
spatial distribution. However, the ATF beam emittance is
so small, that for our beam sizes the electron beam diver-
gence is still much smaller than ��1, i.e., the smoothing of
the radiation pattern is negligible.

A. OTR measurements in the PWZ

We started our experiment from observation of OTR
spatial distribution. OTR phenomenon is well experimen-
tally and theoretically studied, because of that we used
OTR characteristics to verify our optical system and check
any backgrounds interfering with later ODR measure-
ments. Figure 15 demonstrates an OTR spatial distribution
directly observed with the CCD camera. It is obvious that
the OTR spatial distribution measured in the back focal
plane of a lens [Fig. 15(b)] is by factor of 2 narrower, than
the one measured without the lens [Fig. 15(a)]. The azimu-
thal asymmetry existing in both figures is determined by
the difference in Fresnel reflection coefficients, which is
consistent with the theoretical expectations [see, for in-
stance, Figs. 2(a) and 4(c) corresponding to Figs. 15(a) and
15(b)].

However, according to the theoretical approach pre-
sented in Sec. II in the far-field zone, the spatial distribu-
tions measured with and without the lens should be exactly
the same with the peak intensity at the polar angle of order
of 1=�. The PWZ effect results in broadening of the OTR
spatial distribution, which is clearly seen in Fig. 15(a).

It is well known that the OTR spatial distribution is
radially polarized. Therefore, as it was discussed in
Sec. II, we can always represent the OTR spatial distribu-
tion as a sum of vertical and horizontal polarization com-
ponents. The vertical polarization component was
measured in the experiment by means of installing a polar-
izer in the optical path. The measured spatial distribution
of the OTR vertical polarization component is represented
in Fig. 16.

The theory also predicted a wavelength dependence of
the OTR spatial distribution width (see, for instance,
Fig. 5). Therefore, we have performed investigation of
OTR spectral characteristics. Figure 17 illustrates the
OTR spatial distribution measured with 450 nm optical
filter.

One may see that the OTR distribution measured with-
out the lens is about 2 times broader than the distribution
measured with the lens. A similar broadening was ob-
served in the previous experiment [18]. However, there
was a weak doubt that the observed phenomenon was the
prewave zone effect, because a certain target deformation
might result in a similar broadening of the OTR spatial
distribution. However, in the far-field zone a focusing lens
should not change the OTR spatial distribution in the
chosen angular units if the detector is in the back focal
plane of the lens even in case of a deformed target.
Moreover, the experiment and theory represented in
Figs. 17(e) and 17(f) agree very well. Therefore, we con-
clude that the broadening of the OTR pattern is caused by
the PWZ effect.

Figure 18(a) depicts the two-dimensional OTR spatial
distribution measured with two different optical filters.
Obviously the OTR distributions are different and in
good agreement with the theoretically predicted ones rep-
resented in Fig. 18(b). The interpeak distance of the OTR
spatial distribution measured with four optical filters is
represented in Fig. 19. The wavelength dependence pre-
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dicted by the theory is obvious. Moreover, the black circles
in Fig. 19 demonstrate that, if the detector is placed in the
back focal plane of the lens, the wavelength dependence
disappears, i.e., the optical lens suppresses the PWZ effect.

B. Observation of the PWZ effect in the
ODR phenomenon

The key goal of the experiment was to observe and
investigate the PWZ effect in ODR phenomenon. One
should mention that all measurements in this chapter
were performed with 550 nm optical filter. Moreover, in
order to avoid significant SR contribution in the horizontal
polarization component, we measured the ODR vertical
polarization component only. Namely, the vertical polar-
ization component of ODR carries the most valuable
information.

Figure 20 demonstrates typical images of the ODR
vertical polarization component measured without (a)
and with (b) the lens with f � 200 mm. As well as in
the case of OTR presented in the previous section, ODR
distributions are by a factor of 2 different in width. It is
clear that the characteristics presented for OTR are present
in the ODR phenomenon as well. However, the ODR has
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an additional peculiarity, i.e., it significantly depends on
the electron beam trajectory offset with respect to the slit
center.

Figure 21 shows two ODR spatial distributions mea-
sured for two different offsets. One may see that, if the
electron beam does not move through the center of the
target’s slit, an asymmetry appears. Figure 22 demonstrates
projections of ODR vertical polarization components onto
the y � 0 plane. The measurement results are in good
agreement with calculations presented in the theoretical
Sec. II. It is clear that the asymmetry increases when
increasing the offset. The ODR in the far-field zone does
not have this kind of peculiarity. Afterwards we installed

the focusing lens into the optical system in order to check
it.

According to the theory, if the detector is placed in the
back focal plane of the lens the ODR characteristics should
be the same as in the far-field zone. The results of the
measurements with lens are represented in Fig. 23. One
may see that the asymmetry almost disappeared. On the
other hand when the lens is on, the intensity in the ODR
distribution minimum increases with respect to the maxi-
mal intensity when shifting the electron beam trajectory
with respect to the slit center, as it should be in the far-field
zone (see Fig. 3). It happens because some part of the
electron beam moves closer to one of the target edges.
One should say that the beam moves at larger distance from
the other edge. However, the contribution from the closer
particles surpasses the contribution from the distant ones.

These characteristics have been already observed before
by us in the far-field zone [5]. In this paper we represent the
first observation of the ODR spatial distribution in the
extreme PWZ but with far-field characteristics.

Figure 24 demonstrates a comparison of the asymmetry
as a function of the electron beam trajectory offset with
respect to the slit center measured with and without the
lens. The lines represent the theoretically predicted depen-
dences which agree well with the experiment especially at
positive offsets. One may see a discrepancy between the
experiment and the theory at negative offsets. We believe
that the distortion of the ODR pattern is caused by a small
contribution from the synchrotron radiation propagating
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FIG. 21. Three-dimensional spatial distribution of ODR verti-
cal polarization component measured without the lens and for
two electron trajectory offsets with respect to the slit center:
(a) as � 45 �m and (b) as � 80 �m.
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through the mask hole and reflected from the target. By
changing the position of target, its reflecting surface is
changed, and, therefore, the amount of reflected SR is
also changed. This discrepancy might be changed by ad-
justing the mask position with respect to the beam. How-
ever, it cannot be completely eliminated. Nevertheless, it is
possible to minimize the SR contribution for the case when
the electron beam is centered in the slit.

V. CONCLUSION

In this paper we represented observation and detailed
investigation of the PWZ effect in optical transition (OTR)
and diffraction (ODR) radiation phenomena.

We have confirmed results of the PWZ observation in
OTR phenomenon performed in [18], i.e., we observed the
broadening of the OTR spatial distribution and the width
dependence on wavelength. The experiment is in good
agreement with the theory.

We have demonstrated the first observation of the PWZ
effect in the ODR phenomenon. ODR has specific pecu-
liarity, i.e., dependence of its spatial distribution on the
electron beam trajectory offset with respect to the slit
center. We clearly observed the asymmetry predicted by
the theory.

We have also demonstrated that if the detector is placed
in the back focal plane of a focusing lens the PWZ effect
can be eliminated. That is a good advantage of the method.
The beam energy at KEK-ATF is definitely not the highest
one achieved in the world. Since we could easily observe
the PWZ effect, at higher energies it might cause serious
problems. In our previous experiment [5,23], we increased

the distance from target to detector in order to obey the far-
field approximation. It was necessary in order to perform
the beam size measurements. At the same time we com-
plicated the optical system alignment that involved addi-
tional error in the experiment. For higher energy
accelerators, the method of increasing the distance might
not be suitable. For example, at SLAC FFTB (30 GeV
beam), the far-field approximation requires the target-to-
detector distance to be as long as 1800 meters, which is
practically impossible to achieve.

By putting the detector in the back focal plane of a lens it
is possible to eliminate the PWZ effect and use all far-field
methods [21–25] for beam diagnostics.

Beam size measurement was not the purpose of this
paper. It will be considered in a later more proper one.
However, the experimental setup described here is a good
basis for a noninvasive single shot transverse beam size
measurement because the optical system is much simpler
than the one we used in our previous works [5,28,29]. That
means that the setup performance, tuning, and alignment
are much simpler, which excludes a possibility to introduce
additional systematic errors into the experimental results.

In [31] the authors demonstrated the first measurement
of a so-called ‘‘near-field’’ ODR. In spite of the fact that in
their case the detector was placed in the extreme PWZ, it
was very difficult to observe the PWZ effect because they
used an imaging optical system to measure the ODR spot
on the target surface. In their case the PWZ effect must
cause the single particle spatial distribution distortion due
to the light diffraction on the finite aperture of the optical
system. Unfortunately, the authors did not make any esti-
mation on this matter. They used a very simplified model
that completely excludes the diffraction phenomenon. A
good consistency between the experiment and the theory
presented in this paper demonstrates a possibility to per-
form quantitative estimations for the ODR spatial distribu-
tion variations in the experiment presented in [31].

Finally, one should say that the method for PWZ effect
suppression is suitable for optical wavelength only.
However, the transition and diffraction radiation spectral
ranges are very broad. DR in the millimeter and the sub-
millimeter wavelength range has been intensively studied
for longitudinal electron beam profile characterization. In
this case it is might be possible to use concave (paraboloi-
dal) targets (see, for instance, [19,32]). This method was
successfully applied in the experiment [33].
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