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A Coherent Diffraction Radiation (CDR) experiment was built at the CLIC Test Facility 3 at
CERN. Two silicon wafers are positioned on one side of the beam and a CDR radiation, originated
from them, is translated towards a Michelson Interferometer. The first target cuts off the back-
grounds, generated by the beam from upstream of the experimental setup. Online bunch length
monitoring, based on detection of a coherent radiation spectrum, is a promising technique, providing
the single electron spectrum is predictable. However, an idealised theory along with coherent back-
grounds, generated by the beam, complicate the result interpretation. In this paper the results of
the theoretical and experimental investigations of the CDR from the two targets and a work towards
longitudinal diagnostics of sub-picosecond electron bunches is presented. A theoretical model, which
describes a spatial distribution of the CDR, was developed for the new dual target configuration.
The radiation spatial distribution measurements were performed and compared with the theory. A
capability to obtain interferometric measurements of CDR at the experimental setup was proven.
Bunch shape instabilities at CTF3 were investigated, as well.

PACS 41.60.-m: Radiation by moving charges.

PACS 41.75.-i: Charged-particle beams.

I. INTRODUCTION

Diffraction Radiation (DR) is a physical phenomenon
occurring when a charged particle moves in the vicinity
of a conducting screen. The coulomb field of the par-
ticle interacts with the screen and surface currents are
produced, which become a source of the DR. A theory of
DR was developed in 1950s, however, the first experimen-
tal investigations were performed only in 1995 by Shibata
et al. [1]. Using an electron beam with the energy of 150
MeV, the DR was generated by a circular aperture in
millimetre and submillimetre wavelength regions.

The DR generated from conducting screens has been
experimentally investigated in the last 15 years [2–4] and
it was proven to be very promising tool for the longitu-
dinal [5, 6] and transverse [7, 8] diagnostics of electron
beams. The main advantage of DR compared to Tran-
sition Radiation, for instance, that it doesn’t affect the
beam. Other important property of this physical phe-
nomenon is instantaneous emission, which makes it pos-
sible to perform single shot, time resolved measurements.
Experiment-wise one is interested in observation of the,
so called, Coherent Diffraction Radiation (CDR), due to
the fact that coherent radiation is N times more inten-
sive than incoherent radiation, where N is the number
of particles in the beam. The coherency of the effect is
achieved when the electrons in a bunch radiate in phase,
i.e. a wavelength of radiation is comparable or larger
than the bunch length.
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A novel scheme for the drive beam generation has been
proposed for the future Compact Linear Collider (CLIC),
in which a long bunch train with a low bunch repetition
frequency will be accelerated with a low RF frequency
and, then, recombined to increase the bunch repetition
frequency by more than an order of magnitude. The opti-
misation and monitoring of the longitudinal charge distri-
bution in the bunch is crucial for an optimal performance
of the CLIC drive beam as well as for maximization of
the luminosity at the CLIC interaction point [9].

At the CLIC Test Facility 3 we have built an exper-
imental setup based on the CDR from a Dual Target
system. Two silicon wafers, coated with aluminium, are
positioned on one side of the beam and the radiation, gen-
erated from them, is translated towards a Michelson In-
terferometer. The upstream target serves as a barrier for
the Coherent Synchrotron Radiation (CSR) backgrounds
coming from upstream of the experimental setup, Figure
1. The ultimate goal of the experiment is to reconstruct
a bunch shape from the spectral measurements, obtained
at the Michelson interferometer. In the current configu-
ration of the setup narrow-band Schottky Barrier Diode
(SBD) detectors are used for the spectral measurements.
The intensity of CDR is defined by the following equa-
tion:

S(ω) = Se(ω)N2F (ω), (1)

where S(ω) is the measured spectrum, Se(ω) is the sin-
gle electron spectrum and it has to be predicted precisely
, N is the number of electrons in the bunch; F (ω) is the
bunch form factor which contains information about the
longitudinal distribution of electrons in the bunch.
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FIG. 1. Schematic layout of the Dual Target System at
CTF3. FDR - Forward Diffraction Radiation; BDR - Back-
ward Diffraction Radiation; CSR - Coherent Synchrotron Ra-
diation.

In this paper the Coherent Diffraction Radiation ex-
periment will be discussed in great detail. Theoretical
investigations as well as experimental measurements of
the CDR spatial distributions will be shown. Interfer-
ometric measurement of the CDR from the dual target
system will be reported. Bunch shape and length insta-
bilities at CTF3 will be discussed, as well.

II. CALCULATION OF CDR FROM THE
TARGETS

A. Backward Diffraction Radiation from the
second target

For the calculations we shall use a classical theory
of Diffraction Radiation, based on Huygens principle of
plane wave diffraction. In reality, the classical theory de-
scribes backward DR only. However, for a metallic foil
and millimetre wavelengths we can use an ideal conductor
approximation. In this case backward DR characteristics
coincide with forward DR ones [10]. A particle field is
introduced as a superposition of its pseudo-photons and
when they are scattered off a target surface, they are
converted into the real ones and propagate either in the
direction of the specular reflection (BDR) or along the
particle trajectory (FDR).

In this subsection we consider the radiation from the

second target only, excluding influence of the first tar-
get at all. Consider an electron moving along the z-axis.
Each point of a target surface can be represented as an el-
ementary source of the radiation. Two polarisation com-
ponents of the DR can be represented as a superposition
of the waves from all elementary sources at a distance r
from the target:

Er = − 1

4π2

∫∫
E′(xr, yr)

eik|r|

r
dxrdyr. (2)

E′(xr, yr) is the amplitude of the radiation source posi-
tioned on the target surface, (xr, yr) are the coordinates
of the radiation source on the target surface, r is the
distance from the radiation source at the target to the
observation point.

The amplitude E′(xr, yr) can be represented as a
Fourier transform of the incident particle field [10]:

E′(xr, yr) =− ie

2π2

∫∫
k′x,yexp

[
i(k′xxr + k′yyr)

]
k′2x + k′2y + k2γ−2

dk′xdk
′
y

=
ek

πγ

xr, yr√
x2r + y2r

K1

(
k

γ

√
x2r + y2r

)
, (3)

where k is the wave number, λ is the wavelength of the
DR, γ is the Lorentz-factor, k′x,y are the components of
the electron pseudo-photon wave vector, K1 is a modified
Bessel function of the first order.

Parameters (ξ−xr)/a and (η−yr)/a, where ξ and η are
the coordinates at the observation plane, determine the
angles of the photon emission by an elementary radiation
source and in ultra-relativistic case they are of order of
γ−1. Therefore, a phase term of the photons propagating
from the target to the observation plane can be written
as follows [11]:

exp(ik|r|)
|r|

≈ exp(ika)

a
exp

[
ik

2a
(x2r + y2r)− ik

a
(xrξ + yrη)

+
ik

2a
(ξ2 + η2)

]
. (4)

Consequently two polarisation components of the DR
from the second target can be written as [12]:

E2
r2(ξ, η) = − 1

4π2

ek

πγ

exp(ika)

a

∫∫ ( x2√
x2
2+y

2
2

y2√
x2
2+y

2
2

)
K1

(
k

γ

√
x22 + y22

)
exp

[
ik

2a

(
(x2 − ξ)2 + (y2 − η)2

)]
dx2dy2, (5)

where x2 and y2 are the coordinates at the target sur-
face and a is the distance between the target and the
observation plane.

The DR spatial distribution in a general form can be
written as:

d2WDR

dωdΩ
= 4π2k2a2

(
|EDRx |2 + |EDRy |2

)
, (6)

where EDRx and EDRy are the horizontal and vertical
polarisation components of the DR, respectively. If one
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needs to obtain a spatial distribution of the BDR from
the second target Eq. 5 has to be substituted into Eq. 6.

B. Forward Diffraction Radiation from the first
target

Assuming that for our wavelength and a metallic foil
FDR and BDR are identical we can calculate the FDR

from the first target at the observation plane, which is
rather complex process, because we have to take into
account propagation of the radiation towards the second
target and, then, diffraction from it. The first stage of
the process, electric field of the FDR produced at the
first target and propagating towards the second one, can
be written as:

E1→2
r1 (x2, y2) = − 1

4π2

ek

πγ

exp(ikd)

d

∫∫ ( x1√
x2
1+y

2
1

y1√
x2
1+y

2
1

)
K1

(
k

γ

√
x21 + y21

)
exp

[
ik

2d

(
(x1 − x2)2 + (y1 − y2)2

)]
dx1dy1, (7)

where x1, y1 are the coordinates at the first target sur-
face and d is the distance between the targets.

Reflection of the FDR at the second target surface and
further propagation of the radiation towards the obser-
vation plane can be calculated simply by multiplication
of Eq. 7 by the phase term of the photons, propagating
from the second target to the observation plane. The

phase term can be written as:

exp(ika)

a
exp

[
ik

2a
(x22 + y22)− ik

a
(x2ξ + y2η) +

ik

2a
(ξ2 + η2)

]
,

(8)
The spatial distribution of the FDR diffracted from the

second target is the following:

E1
r1(ξ, η) = − 1

4π2
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k

2πi
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2
1
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1+y

2
1
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k

γ

√
x21 + y21

)

×exp
[
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2d

(
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)
+
ik

2a

(
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)]
dx1dy1dx2dy2. (9)

For the further calculations we rearrange the terms
and replace the integration over x2 and y2 with the com-
bination of Fresnel’s integrals. This allows us to use a
rational approximation of the Fresnel’s integrals in order

to reduce the calculation time and increase performance
of the code (see Appendix A). Therefore, we can obtain
the final result for Eq. 9 [12]:

E1
r1(ξ, η) =

ie exp [ik(a+ d)]
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2
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]
+i
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where T1 = T1(x1, ξ), T2 = T2(y1, η), T3 =
T3(x1, ξ), T4 = T4(y1, η) (see Appendix B) are the terms

containing the Fresnel’s integrals.
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C. Diffraction Radiation from the two targets

Once the two radiation components are obtained, the
DR distribution from the two targets can be derived. The
interference between the BDR from the second target and
the FDR from the first target is observed, therefore the
following formula for the radiation spatial distribution is
applied:

d2WDR
r

dωdΩ
= 4π2k2a2

[(
ReE1

r1 −Re
[
E2
r2 exp

(
ikd

β

)])2

+

(
ImE1

r1 − Im
[
E2
r2 exp

(
ikd

β

)])2
]
, (11)

where E1
r1 and E2

r2 are the FDR from the first target
and the BDR from the second target, correspondingly,
which were calculated in the previous subsections; β =
v/c is the speed of an electric charge in terms of the speed
of light. The exp (ikd/β) defines the phase delay due to
the particle moving from the first target to the second
one.

Understanding of the radiation distribution geometry
is crucially important for optimisation of the experimen-
tal setup. In the current configuration the two targets are
positioned on one side of the beam, therefore the fields
of DR interfere with each other. The CDR distributions
as functions of the second target impact parameter and
the horizontal coordinate at the observation plane were
calculated for the two main configurations of the exper-
iment.The first configuration: the impact parameter of
the first (upstream) target is much larger than the im-
pact parameter of the second (downstream) target. The
second configuration: the targets are positioned at the
same distance from the beam.

In Figure 2 and 3 the vertical polarisation component
of the CDR spatial distribution is presented for the two
main configurations of the setup. The distributions have
a single mode nature and for the situation when both
targets are at the same distance from the beam, Figure
3, a destructive interference is observed, which manifests
itself in 50 percent decrease of the radiation intensity.

The spatial distribution of the horizontal polarisation
component of the radiation has a dual mode nature,
which can be seen in Figures 4 and 5. It is worth
noting, that as opposed to the vertical polarisation the
intensities of the CDR from the two targets add up for
the second configuration of the targets.

III. EXPERIMENTAL INVESTIGATION OF
CDR FROM A DUAL TARGET SYSTEM.

A. Experimental setup

The experimental setup is located at the Combiner
Ring Measurements (CRM) line of the CLIC Test Facility
3 (CTF3). The CRM line is a straight section deviated

FIG. 2. Vertical polarisation of the CDR distribution. The
targets impact parameters h1=30mm; h2=10mm.

FIG. 3. Vertical polarisation of the CDR distribution. The
targets impact parameters h1=10mm; h2=10mm.

from the first quarter of the Combiner Ring, Figure 6.
Once the bending magnet, located at the entrance to the
CRM line, is switched off, the beam is directed straight
into the beam dump and the CDR from the targets can be
observed. If the bending magnet is switched on a Coher-
ent Synchrotron Radiation (CSR), generated upstream
of the experimental setup, can be measured.

Two six-way crosses are installed at the CRM line,
they contain two targets, which are positioned above the
beam at 45deg with respect to the beam propagation
direction. The targets are silicon wafers coated with alu-
minium, they are attached to the Ultra High Vacuum
(UHV) manipulators, which provide the vertical trans-
lation and rotation of the second target and a vertical
translation of the first target.

The radiation, originated from the targets, is trans-
ferred through a CVD diamond window with a view-
ing diameter of 30 mm. Diamond exhibits a broadband
transparency in the far-infrared and millimetre wave-
length range. The CVD window has a thickness of 0.5
mm, which is smaller than or comparable to the observa-
tion wavelength and, therefore, the viewport absorption
and the distortion of the transmitted radiation spectrum
due to multiple reflections are minimized. The radiation,
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FIG. 4. Horizontal polarisation of the CDR distribution. The
targets impact parameters h1=30mm; h2=10mm.

FIG. 5. Horizontal polarisation of the CDR distribution. The
targets impact parameters h1=10mm; h2=10mm.

originated from the targets, is translated vertically by a
periscope towards the floor to avoid X-ray backgrounds
from the horizontal particle beam plane. On the optical
table a Michelson interferometer is installed, Figure 7.

The polariser (P1) transmits the vertical polarisation
component towards the interferometer and reflects the
horizontal polarisation component toward the second de-
tector, positioned beside the interferometer and used for
bunch shape instability studies. The parameters of the
experimental setup and CTF3 are presented in Table I.

In the experiment the ultra fast Schottky barrier diode
(SBD) detectors with a response time typically around

FIG. 6. Schematic layout of the CLIC Test Facility 3.
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FIG. 7. Schematic layout of the CDR experiment.

TABLE I. CTF3 and CDR experiment parameters.

Parameter Value Unit
Beam energy (γ) 235
Bunch charge 2.3 nC
Bunch spacing frequency 1.5 or 3 GHz
Target dimensions (projected) 40x40 mm
Observation wavelength (λ) 5 mm
First target impact parameter (h1)
(upper position) 30 mm
First target impact parameter
(lower position) 10 mm
Second target impact parameter (h2) 10 mm
Distance between the targets (d) 0.25 m
Distance from the second target to the
observation plane (a) 2 m

250 ps are used to measure power in the narrow fre-
quency ranges. The detectors are sensitive in 50 - 75
GHz (DXP15), 60 - 90 GHz (DXP12) and 40 - 60 GHz
(DXP19). They are polarisation sensitive and only one
detector can be used at a time for the interferometric
measurements.

Data acquisition is performed using a 10-bit Acqiris
DC282 digitiser. The digitiser can provide four channel
sampling at up to 2 GS/s, or dual and single-channel sam-
pling at 4 Gs/s and 8 Gs/s, respectively. In the current
configuration 4Gs/s sampling for two channels is used.
The input for an external trigger provides a precise syn-
chronisation with the electron gun trigger. The data is
read out for every single bunch train and transferred to
the digitiser through high quality RF cables.

In the following section the results of the CDR spatial
distribution measurements for the two main configura-
tions of the experimental setup will be presented.
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FIG. 8. Vertical polarisation of the CDR distribution mea-
sured by DXP15 detector. The targets impact parameters
h1=27mm; h2=7mm.

FIG. 9. Vertical polarisation of the CDR distribution mea-
sured by DXP15 detector. The targets impact parameters
h1=7mm; h2=7mm.

B. Measurements of the CDR spatial distribution

The CDR spatial distributions as functions of the sec-
ond target’s rotation angle and the impact parameter
were measured for the two main configurations of the ex-
perimental setup. In Figures 8 and 9 the vertical polar-
isation components of the CDR distributions, measured
by the detector sensitive in 50-75 GHz and normalised by
the beam current, are presented. In Figure 9 the inten-
sity of the radiation is suppressed due to the destructive
interference between the two targets. The distributions
have a single mode nature which agrees with the theo-
retical calculations, Figures 2 and 3. It is worth noting
that for the first configuration of the targets, Figure 8,
a contribution of the coherent backgrounds coming from
upstream of the experimental setup is not suppressed,
which leads to a distortion of the spatial distribution.

In Figures 10, 11 the horizontal polarisation compo-
nents of the CDR spatial distribution, measured using
DXP15 detector, are shown. According to the theory,
Figures 4 and 5, the horizontal polarisation component

FIG. 10. Horizontal polarisation of the CDR distribution
measured by DXP15 detector. The targets impact param-
eters h1=30mm; h2=7mm.

FIG. 11. Horizontal polarisation of the CDR distribution
measured by DXP15 detector. The targets impact param-
eters h1=7mm; h2=7mm.

of the CDR from the dual target system has a dual mode
nature, moreover, increase in the intensity of radiation
is observed for the second configuration of the targets,
i.e. when they are positioned at the same distance from
the beam. As for the experimental measurements, an
inequality of the peaks’ intensities can be seen and will
require additional studies. In Figure 11 a slight increase
of the radiation intensity is, also, observed, which is in
agreement with the theoretical model.

In Figures 10 and 11 the ability of the first (upstream)
target to block the backgrounds coming from upstream
of the experimental setup is demonstrated, as well. The
distribution in Figure 10 is significantly more distorted
by the coherent backgrounds, than the radiation distri-
bution in Figure 11 where the background contribution
is suppressed by the first target [13].
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FIG. 12. A sample interferogram obtained for the dual target
system.

IV. INTERFEROMETRIC MEASUREMENTS

The Michelson interferometer is used to perform spec-
tral measurements of the CDR, originated from the tar-
gets. The measurements are performed in the following
way: a detector in the interferometer registers vertical
polarisation component of the radiation; the DAQ sys-
tem reads out a signal from the detector for each train
of bunches; an interferometric scan is performed by mov-
ing the mirror M1 (Figure. 7) on the translation stage;
three to ten signal readouts per position of the M1 are
performed to collect statistics. A length of the interfer-
ometric scan can vary and it was limited to the maxi-
mum traveling range of the translation stage (100mm for
UTS100 stage, which was in use at a time of the mea-
surement).

Each point of the interferogram is obtained by calcu-
lating the average integrated intensity of the CDR radia-
tion over the number of signals, obtained per position of
the mirror. The integration for each signal is performed
over a narrow slice of the pulse (approximately 50 ns),
this is done, mainly, to eliminate the contribution of too
many frequencies into the interferometric measurement.
A sample interferogram, obtained while both targets are
at the same distance from the beam, is presented in Fig-
ure 12. A sample signal of the detected radiation with
the marked integration region is presented in Figure 13.

The measurement was performed using DXP15 detec-
tor when both target were at 7mm from the beam; the
stage traveling range for the measurement was x = 30mm
which resulted in the path difference of z = 2x = 60mm
and the corresponding signal delay in the interferometer
of T = z/c = 200ps. This yields the maximum spec-
tral resolution of 5GHz. The DXP15 detector is sensitive
in 50-75 GHz, which gives five spectral data points in
this frequency region. Due to the low number of data
points and a very narrow frequency region this measure-
ment has a very limited applicability for a bunch profile

FIG. 13. A sample signal from the DXP15 detector.

reconstruction.

A bunch length stability along the train is a key to suc-
cessful spectral measurements. When the bunch length
vary along the pulse the Coherent Diffraction Radiation
is generated at different wavelengths from different parts
of the pulse, therefore complicating the result interpre-
tation. Additional problematic issue is instability of a
bunch shape. At CTF3 bunch length manipulations are
performed before the beam is inserted in to the recom-
bination rings and after it is extracted from them. In
the linac section of CTF3 the bunch length is in the re-
gion of 1 to 7 ps, then the beam is directed through
the stretching chicane where the bunches are stretched
up to 15 to 20 ps to achieve effective recombination in
the Delay Loop and the Combiner Ring, later on, the
bunches are shortened to 1-2 ps to achieve an effective
RF transfer in the Power Extraction and Transfer Struc-
tures (PETS), Figure 6. When the beam goes through
the Frascati chicane the bunches can become distorted
and micro-bunching structures can occur, which results
in distortion of the signals, obtained using the high fre-
quency SBD detectors.

At CTF3 there is a possibility to provide a real-time
monitoring of the bunch length variation along the pulse
using the detectors, installed in the interferometric sys-
tem. There is, also, a RF - pickup hardware, installed
in the Transfer Line 1 of CTF3, which consists of a sin-
gle WR28 waveguide pickup, attached to the beam pipe
and separated by a thin vacuum window. The power
is detected by an SBD detector, sensitive in 26.5 - 40
GHz [14]. In Figure 14 the signals from the the DXP19
detector sensitive in 40-60 GHz and the waveguide pick-
up are presented. The shape of the signals most likely
signifies significant bunch shape variation along the train,
as both of the diagnostics are positioned after the Fras-
cati chicane and the signals from the RF-pickups in the
Linac before the chicane generally demonstrate more flat
signals. It is, also, worth noting that the signals are very
sensitive to the phase variation of the first two klystrons
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FIG. 14. Signals from the DXP19 detector in the interferom-
eter and the RF-pickup in the Transfer Line 1.

in the Linac which is in addition to the long-term drifts
of the latter significantly complicate obtaining of fairly
lengthy interferometric scans, which take 7 to 15 min-
utes to take.

Overall, the experimental setup was proved to be ca-
pable of taking interferometric data despite significant
bunch shape instabilities and the RF drifts in the ma-
chine. As an immediate solution of a bunch shape vari-
ation problem could be installation of the low frequency
detectors, which would be less sensitive to the changes of
a bunch shape.

V. CONCLUSIONS AND OUTLOOK

In this paper the results of the Coherent Diffraction
Radiation experiment were presented. The theoretical
model, based on the Classical Diffraction Radiation the-
ory, was developed for the dual target system of the ex-
perimental setup. The CDR spatial distributions were
calculated for the two main configurations of the targets.
The theoretical calculations were in general agreement
with the measured spatial distributions. However, cer-
tain adjustments to the photon phase terms in the the-
oretical model should be introduced in order to describe
the horizontal polarisation component of the radiation
more accurately. The upstream target was proved to be
an effective obstacle for the CSR backgrounds coming
from upstream of the experimental setup.

The proof of principle measurements showed that in-
terferometric measurements can be performed at the new
two target configuration. Bunch length and shape in-
stabilities and their influence on the measurements were
discussed. A clear understanding of the problematic is-
sues and the hardware constraints was achieved. The
ways towards the further development of the experimen-
tal setup were identified: firstly, usage of low frequency
detectors in the interferometer to suppress the influence

of bunch shape variations and, secondly, as a more long
term-solution, shot-by-shot measurements and installa-
tion of a grating spectrometer in the interferometer.

Appendix A: Fresnel’s Integrals

We shall consider two types of the Fresnel’s integrals

C(z) =
z∫
0

cos
(
π
2 t

2
)
dt and S(z) =

z∫
0

sin
(
π
2 t

2
)
dt and ra-

tional approximation for them [15]:

C(z) =
1

2
+

1 + 0.926z

2 + 1.792z + 3.104z2
sin
(π

2
z2
)

(A1)

− 1

2 + 4.142z + 3.492z2 + 6.67z3
cos
(π

2
z2
)
,

S(z) =
1

2
− 1 + 0.926z

2 + 1.792z + 3.104z2
cos
(π

2
z2
)

(A2)

− 1

2 + 4.142z + 3.492z2 + 6.67z3
sin
(π

2
z2
)
.

The considered Fresnel’s integrals also follow the rule:

C(z) =

{
C(z) if z > 0
−C(|z|) otherwise;

(A3)

S(z) =

{
S(z) if z > 0
−S(|z|) otherwise.

(A4)

Appendix B: Ti terms

The terms Ti containing the Fresnel’s integrals can be
expressed as:

T1(x1, ξ) = C(t1(x1, ξ))− C(t2(x1, ξ)), (B1)

T2(y1, η) = C(t3(y1, η))− C(t4(y1, η)), (B2)

T3(x1, ξ) = S(t1(x1, ξ))− S(t2(x1, ξ)), (B3)

T4(y1, η) = S(t3(y1, η))− S(t4(y1, η)), (B4)

where

t1(x1, ξ) =

√
2(a+ d)

λad
(xhight + impact (B5)

− ad

a+ d

(
x1
d

+
ξ

a

))
,

t2(x1, ξ) =

√
2(a+ d)

λad

(
impact− ad

a+ d

(
x1
d

+
ξ

a

))
,

(B6)
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t3(y1, η) =

√
2(a+ d)

λad

(
ywidth

2
− ad

a+ d

(y1
d

+
η

a

))
,

(B7)

t4(y1, η) =

√
2(a+ d)

λad

(
−ywidth

2
− ad

a+ d

(y1
d

+
η

a

))
,

(B8)

xhight + impact and impact are the coordinates which

correspond to the upper and the lower edges of the target,
and −ywidth/2 with ywidth/2 correspond to the left and
right edges of the targets.
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