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Summary 

This graduation study has been carried out as part of a project to investigate the potential 
of a novel tabletop soft x-ray source. This source is based on Cerenkov radiation generated 
by 5-10 Me V electrons in a foil. Because these moderate electron energies require only 
small accelerators, a high brightness tabletop source in the soft x-ray region can be realized. 
Applications of this source can be found in fields like x-ray microscopy and lithography. 

This report is restricted to 100 e V Cerenkov radiation generated around the Si L-absorption 
edge. The Cerenkov radiation is generated in a silicon foil by 5 MeV electrons from a 
small medical linear accelerator. The spectral characteristics are studied in order to get a 
better understanding of the Cerenkov process. Furthermore, a micro channel plate (MCP) 
structure is analyzed as a possible high photon yield target. 

To analyze the spectral characteristics of a Si-foil, a crude spectrometer was used, based 
on a Mo/B4 C multilayer mirror and a photodiode in a e - W setup. This detection setup 
did not show the essential e - 20 relation however, and the Mo/B4C multilayer mirror was 
replaced by a Si/Mo multilayer mirror. With this detection setup, the typical spectral and 
angular characteristics of Cerenkov radiation have been confirmed. 

The yield of the MCP was analyzed by comparing the photodiode signal due to Cerenkov 
radiation to the signal in case of a single foil. An increase in yield was not visible at a 
fixed viewing angle of the detector. However, at grazing incidence of electrons in the walls 
of the MCP, refraction and transmission are playing a significant role. A more detailed 
analysis of refraction at an interface was performed. 

An extended model for the Cerenkov radiation output of silicon was set up in Matlab. Re
fraction and transmission are calculated as photons refract at an interface at an arbitrary 
angle to the electron beam. These calculations predict that the angular radiation distri
bution changes; the emitted Cerenkov cone will become asymmetrie at electron grazing 
incidence and the brightness will increase. Radiation will be emitted at smaller emission 
angles for interfaces that are aligned at grazing incidence with respect to the electron beam. 
For the MCP an increased yield is expected, which is emitted at small emission angles. 
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Chapter 1 

Introduction 

In 1999, a project was started at the physics department of the Eindhoven University of 
Technology (EUT) to investigate the potential of a novel tabletop soft x-ray source. This 
source is based on the generation of inner-shell Cerenkov radiation by 5-10 MeV electrons 
in a thin foil. Cerenkov radiation, when it is intense, appears as a weak bluish white glow 
in the pools of water shielding some nuclear reactors. The Cerenkov radiation in cases 
such as this is caused by electrons from the reactor travelling at velocities greater than the 
velocity of light in water (which is 75 percent of the velocity of light in a vacuum). This 
phenomenon was discovered by the Soviet physicist Pavel A. Cerenkov in 1934. 

In the past, the Cerenkov effect in the soft x-ray region (between 50 eV and several keV's) 
received little attention. Generation of Cerenkov radiation by charged particles is limited 
to those wavelength regions where the real part of the index of refraction n exceeds unity. 
This index is generally smaller in the soft x-ray region, but there are narrow regions of 
resonant dispersion around atomie absorption edges where n > 1. However, generation of 
soft x-ray Cerenkov radiation was excluded quite some time because of strong absorption 
in this region. Bazylev et al. [1] realized that efficient generation is possible when the 
coherence length (radiation formation length) is smaller than the absorption length. He 
confirmed this experimentally using 1.2 GeV electrons (see Bazylev et al. [2]). Moran et 
al. [3] produced soft x-ray Cerenkov radiation using 75 MeV electrons. 

Within the course of the project in Eindhoven, Knulst et al. [4] reported on the observation 
of silicon L-edge (99.7 eV) Cerenkov radiation generated by 5 MeV electrons in a Si foil. 
Because electrons with moderate energies are used, a tabletop accelerator suffices which 
makes the source compact. The yield obtained from this single foil is about 10-3 pho
tons/ electron. The corresponding brightness of this source is about 6 · 109 s·sr·µZ:~~~~~BW 
using a 1 mA average current, 5 Me V electron accelerator and assuming a 100 µm spot 
size. The brightness expresses the quality of the radiation source and contains the pho-
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ton flux (in photons per second), the solid angle of emission (in sr), the spot size of the 
source (in µm2 ) and the bandwidth of the radiation (in 0.1% bandwidth). Imaging with 
other soft x-ray sources, namely laser produced plasmas and high harmonie generation with 
femtosecond laser pulses, has already been demonstrated with a brightness of about 1010 

s·sr·µ':~~~~~Bw. This means that our Cerenkov source is a serious candidate for imaging 
applications. 

Cerenkov radiation of 100 eV is especially interesting for extreme ultra violet (EUV) lab
oratory lithography. However, the output power is not competitive with alternative EUV 
sources for an application in lithography production tools. Further research concentrates 
on creating Cerenkov radiation in other materials that emit radiation at different photon 
energies in the soft x-ray region. Cerenkov radiation with photon energies within the water 
window (284-543 eV) can be applied as the source for a soft x-ray microscope to study 
biologica! samples. Additionally, means of increasing the brightness of a Cerenkov source is 
in general interesting because it can increase the imaging quality or decrease the sampling 
time. 

In this report, the properties of silicon L-edge Cerenkov radiation from thin foils are studied 
in more detail than in the article by Knulst et al. [4]. Additionally, structures for which 
the photon yield will be higher than for thin foils have been studied. For instance, a micro 
channel plate (MCP) was under investigation to check for an increase in photon yield and 
thus in brightness. The walls around the channels in the MCP are almost parallel to the 
electron beam. It will be shown that in this grazing incidence configuration, the radiation 
which is produced inside these walls, is incident on the surface interface at the critica! angle 
for internal refiection. To predict the photon yield of the MCP it is important to know the 
effect of refraction and transmission of Cerenkov radiation at the interface. 

Generation of Cerenkov radiation as well as refraction of radiation at an interface will be 
treated in the theory of this report ( chapter 2). N umerical calculations are performed to 
predict the angular photon yield for a material with the interface at an arbitrary angle 
relative to the electron beam. The specifications and results of these calculations are pre
sented in chapter 3. The next chapter ( chapter 4) presents the experimental setup that was 
used for the measurements of silicon L-edge Cerenkov radiation. For these measurements, 
a silicon foil and a micro channel plate (MCP) are used as target materials. The results of 
these measurements and discussions are presented in chapter 5. Finally, chapter 6 contains 
conclusions and recommendations in consequence of the measured and calculated results. 
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Chapter 2 

Theory 

As was mentioned in the introduction, it is interesting to study a Cerenkov radiation source 
in the soft x-ray region. Therefore, this chapter deals with the theoretical description of 
the generation of Cerenkov radiation. At first, a general description of this phenomenon 
will be given. Hereafter, attention will be given to Cerenkov radiation generated in the soft 
x-ray region around the silicon L-absorption edge. Finally, the properties of a Cerenkov 
radiation source based on Si L-edge photon emission by relativistic electrons are discussed. 

To describe the process of Cerenkov photon emission for the situation that the electron 
beam is at grazing incidence with respect to the interface, theory on refraction and trans
mission of radiation at an interface is treated in this chapter as well. First a general 
description of refraction at an interface between two complex media will be discussed. 
This general complex description is included, because standard textbooks do not treat the 
situation of internal reflection at an interface between an absorbing medium and vacuum. 
Finally, attention is given to refraction and transmission for the special case of a Si-vacuum 
interface. 

2 .1 Cerenkov radiation 

2.1.1 Classica! description 

Consider a charged particle moving at a velocity v through a medium. The particle will 
induce a local polarization field due to Coulomb forces. Fora particle moving at a velocity 
well below the phase velocity of light within the medium (v « c/n), the induced polariza-

3 



tion field is symmetrie. This is shown in figure 2. la. For this symmetrie polarization field, 
the different contributions of the electromagnetic field cancel out and no net field will be 
observed. For a particle moving at a velocity compared to the phase velocity of light in the 

(a) (b) 
p' 

Figure 2.1: Polarization field due to a charged particle moving ( a) welt below relativistic 
velocity and {b) at relativistic velocity. 

medium (v:::::; c/n), the induced polarization field is no longer symmetrie (see figure 2.lb), 
resulting in a net dipole field. This dipole field will be apparent even at large distances 
from the track of the particle. For v < c/n however, radiation from different parts along 
the track of the charged particle interferes destructively and no radiation is observed at 
large distance. For v > c/n, constructive interference results in a wavefront and radiation 
will propagate away from the source ( which is the path of the charged particle). 

The latter case of constructive interference can be visualized with the so-called Huygens 
construction, which is shown in figure 2.2. A particle moving with a velocity v will travel 
a distance vtlt (from point P1 to P5 ), while the in P1 generated electromagnetic wave will 
travel a distance flt · c/n. A wavefront will arise along the line A - P5 . It can easily be 
derived that the wavefront propagates in a direction at an angle Be with respect to the 
particle trajectory, given by 

c/n 
cos Be=-. 

v 
(2.1) 

The angle Be is called the radiation emission angle. This equation is known as the Cerenkov 
relation. 

From the above treatment of Cerenkov radiation the following conclusions can be drawn: 

• Since the velocity v of a particle with mass m will always be smaller than c, con-
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A 

Figure 2.2: Wavefront formation according to the Huygens construction fora particle with 
velocity v in a medium with an index of refraction n. 

structive interference will only occur for n > 1 (which follows from equation (2.1)). 

• The minimum particle velocity required to generate Cerenkov radiation is determined 
by the maximum value for the index of refraction n: Vmin = c/nmax· 

• The maximum angle at which Cerenkov radiation is emitted is determined by the 
maximum value of n as well: 

1 
cosee,max = --, 

nmax 
for v--+ c (2.2) 

The presented results are an approximation, because the photon emission is described with 
classica! physics. To check if this approximation is valid, a quantum mechanica! approach 
for the emission of a photon is presented in the next section. 

2.1.2 Quantum mechanica! description 

Quantum mechanically, a photon possesses a momentum tik. When a charged particle 
emits a photon, conservation of momentum states that the momentum of the particle 
will change. In this section, the effect of the recoil on the emission angle is analyzed using 
quantum mechanics. Expressions are found for the photon emission angle Be and the energy 
of the emitted photon, 1iw. 
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Consider two situations: (0) is the situation of a particle before the emission of a photon 
and (1) the situation after emission (see figure 2.3). The application of conservation of 

• 

(0) 

v 0 

(1) 
v l 

Figure 2.3: Cerenkov photon emission by a charged particle. Situation (0) before emission 
and situation ( 1) after emission of the photon. 

momentum and energy for photon emission by a particle with mass m in a medium with 
index of refraction n(w), leads to the following set of equations: 

Eo = E1 + fiw, 
1 

Po= P1 +fik, lkl = wn, 
c 

Po,1 = 'Yo,1mvo,1 (2.3) 

Here m is the mass and p the momentum vector of the charged particle, ')' is the Lorentz 
contraction factor, 1i is Planck's constant and k is the propagation vector of the photon. 
The subscripts 0 and 1 denote the situations before and after emission, respectively. 

For the case of photon emission in vacuum (n = 1), the set of equations (2.3) only has one 
solution, namely for v0 = c. For a particle with mass m > 0 this is not a physical realistic 
situation. Therefore, a particle cannot lose energy by photon emission in vacuum. For the 
case of photon emission in a medium with n > 1, the set of equations (2.3) has a solution 
for v0 < c. The solutions for the energy of the emitted photons, fiw, and the angle between 
v1 and the emitted photon, 00 , are: 

fiw = 2(mc/n)(v0 cos00 - c/n) 

(1 - 1/n2)j1 - U~) 2 

cos 0 - - 1 + 1 - -e _ c/n [ 1iw(n
2 

- 1) V (v0 ) 2] 

Vo 2mc2 c 
(2.4) 

The second term in brackets in the expression for 00 (in equation (2.4)) represents the 
recoil due to the emission of a photon. This recoil can be neglected in the case that the 
photon energy is much smaller than the rest mass of the particle: 

fiw 
--2 « 1, 
me 
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In this approximation the expression for ()0 in equation (2.4) reduces to the classica! ex
pression for the emission angle ()e in equation (2.1). For soft x-ray Cerenkov radiation 
generated by electrons in silicon, this condition ( equation (2.5)) is met and the photon 
emission angle can be described according to equation (2.1). 

2.1.3 Radiation yield 

It can be shown that a reasonable photon yield is obtained when electrons with moderate 
energies (5-25 MeV) are used to generate Cerenkov radiation (see Knulst et al. [5]). Elec
trons with moderate energies can be accelerated in relatively compact accelerators. This 
is the main reason that electrons are used as charged particles to generate Cerenkov radi
ation. To determine the amount of radiation that is generated in the process, this section 
deals with the radiation yield due to the generation of Cerenkov radiation by electrons 
inside a medium. 

The energy of Cerenkov radiation produced by an electron was described by Frank and 
Tamm in 1937. This description (see Jelley [6]) is a straightforward calculation from 
Maxwell equations for a relativistic electron inside a medium. The radiation yield dW 
that is emitted per unit of length dl is given by: 

dW e
2 1 c

2 

-= 1--- wdw 
dl 47rEoC2 v>c/n ( v 2n 2 ) ' 

(2.6) 

with Eo the permittivity of vacuum. Note that this expression gives the yield of the radi
ation integrated over all emission angles. The integration is not performed over the entire 
frequency domain, because radiation is emitted only there where v > c/n(w). In a real 
medium (that has dispersion, see figure 2.4), emission of Cerenkov radiation is restricted 
to frequency regions where this condition is met. We can express the emitted energy (per 
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Figure 2.4: Dispersion curve n(À) of a medium 
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unit of length l) in number of photons N per frequency w as function of emission angle Be. 
This spectral yield can be written as: 

d2N a 
dl. dw = ~ sin

2
(Be), (2.7) 

with a = 4n-:~hc ~ 1~7 the fine structure constant. To obtain this relation, we made use of 
equations (2.1) and (2.6), combined with W = Nnw (the total energy W is the product 
of the number of photons N and the energy of one photon nw). Note that equation (2.7) 
only holds for regions where v > c/n(w), or ee 2:: 0. 

The above equations for the (spectral) Cerenkov radiation yield do not take absorption into 
account. However, absorption plays a significant role in the soft x-ray region. Characteristic 
for an absorbing medium is a complex index of refraction ii. It is useful to write ii in terms 
of the relative electric permittivity Er or the susceptibility x: 

n = .JE;. = J 1 + x = J 1 + x' + i x". (2.8) 

The susceptibility x consists of a real (x') and an imaginary part (x"). The imaginary 
part describes absorption. The effect of absorption in a material can be described by the 
absorption length labs· The absorption length is defined as the length over which the light 
intensity drops a factor e: 

c 
labs=--. 

wx" 
(2.9) 

Because in the soft x-ray region around the silicon L-edge x' « 1 and because the Lorentz 
contraction factor for 5 MeV electrons fulfills / » 1, the following approximation for sin2 Be 
(see equation (2.7)) can be made: 

2 
· 2 e C I -2 sm e = 1 - -- ~ x - 1 

v2n2 
(2.10) 

In this approximation, the threshold condition for Cerenkov radiation is given by x' > ,-2
. 

For foils that are thicker than several absorption lengths of the radiation, the yield can 
be approximated by integration over a semi-infinite medium. This is justified because the 
fraction of radiation created at the beginning of the foil that reaches the surface is very 
small (for foils with a thickness of 5 · labs the error introduced in the radiation yield is 
smaller than 1%). The spectral yield from an absorbing, semi-infinite foil, was calculated 
by Bazylev et al. [2]: 

dN a x'(w) -1-2 

dw w x"(w) 
(2.11) 

This expression can thus be used to predict the yield of a foil with a finite thickness (but 
thicker than several absorption lengths). The total yield of Si L-edge photons from an 
absorbing foil was calculated by integrating equation (2.11) over all wavelengths around 
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the L-edge where the threshold condition (x' > ,-2
) is met. The total yield of soft x-ray 

photons from a silicon foil is about 8 · 10-4 photons per 5 MeV electron. 

The maximum emission angle Be,max (see equation (2.2) for Si L-edge Cerenkov radiation 
is about 11°. Because only photons generated within several absorption lengths from the 
surface contribute to the yield outside the foil, the emission profile is shaped like a forwardly 
directed cone (see figure 2.5). 

silico~.· .. ;, _
1
.,_ 

I.,. 
----ifr• :: 

5MeV 1·," ... 
electron ~ 
beam 

1 ëerenkov radiation cone 

Figure 2.5: Cerenkov radiation cone generated by 5 Me V electrons in a silicon foil. 

2.1.4 Index of refraction in the soft x-ray region 

In the soft x-ray region the index of refraction exceeds unity (n > 1) only in small wave
length regions. Here, atomie properties dominate the index of refraction, which results in 
edge effects in the dispersion curve (see figure 2.4). As a result, the index of refraction can 
be derived from atomie scattering properties. To do so, we have to consider scattering of 
waves from bound atomie electrons. This description can be found in Attwood [7] and will 
be discussed below. 

The frequency dependent behavior of the index of refraction can be understood by con
sidering bound electrons moving in a harmonie potential due to an applied electric field. 
Solving the equation of motion for N atoms per unit of volume (with Z electrons bound 
to each atom) results in the following expression for the index of refraction: 

Ne2 f· 
fi2 (w) = 1 + x'(w) + ix"(w) = 1 + -2::: 2 / . ' (2.12) 

mE0 j wj - w - 'l/jW 

with wj the eigenfrequency and /j the attenuation constant of the jth resonance and fj 

the oscillator strength, which is related to the number of electrons Z per atom according 
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to: 
(2.13) 

The region where the real part of the index of refraction exceeds unity (or where the real 
part of the susceptibility x' exceeds zero), is located around absorption edges in the soft 
x-ray frequency region. This region of negative dispersion occurs for frequencies just below 
the resonance frequency (w < wj)· 

In silicon, the L-shell electrons are responsible for the resonant behavior of the index of 
refraction around 100 eV. The susceptibility around this Si L-edge is shown in figure 2.6. 
The data shown in this figure is taken from Henke et al. [8] via the website of the Center 
for x-ray opties (CXRO) [9] (which is part of the Lawrence Berkeley National Laboratory 
(LBNL)). The energy region where the real part of the susceptibility x' is greater than lf'y2 

0.05 
1 x 0.045 

0.04 

x" "' 0.035 

0.03 

0.025 

0.02 

0.015 

0.01 

0.005 v-2 
1 

0 

96 100 104 108 112 116 

Figure 2.6: Dispersion curve ii2 (w) = 1 + x'(w) +ix"(w) around the L-edge of silicon. The 
dashed line is the 1/'y2 Cerenkov threshold for 5 Me V electrons. The region of Cerenkov 
photon yield is represented by the shaded area. 

(the Óerenkov threshold as seen in equation (2.10)), is very narrow (about 20 eV). Only 
in this energy region, Óerenkov radiation is emitted. In addition, radiation that is emitted 
at the high energy side of the absorption edge will be absorbed much more strongly than 
radiation at the low energy side. The total effect is that the emitted radiation is confined 
to a narrow energy region ( !:::.E / E ~ 1 % for the case of 5 Me V electrons). This region is 
represented by the shaded area in figure 2.6. 
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2.2 Refraction at interfaces between complex media 

2.2.1 Introduction 

At the interface of a medium in which Cerenkov radiation is generated, light will be re
fracted. In order to predict the direction in which the refracted radiation propagates, one 
needs to know the effect of refraction on emission angle. Refraction and transmission is 
most significant for interfaces almost parallel to the electron beam (grazing incidence). 
One can show that in this case the incident angle of the photons at the interface is close 
to the critical angle for total internal reflection. To study the effect of refraction of pho
tons passing an interface at an arbitrary angle, theory on refraction and transmission is 
presented in this section. 

The usual description for refraction of radiation at an interface is Snell's law [10]: 

ni sin ei = nt sin et, (2.14) 

with ni and nt the (real) indices of refraction for the medium of incidence and refraction, 
respectively, and ei and et the angles for the incident and emitted radiation, respectively. 
Note that Snell's law does not take absorption into account. However, for Cerenkov radia
tion refracted at a Si-vacuum interface, the first medium (Si) is absorbing and the second 
one (vacuum) is not. When looking for a description of this situation in textbooks, one 
only encounters the reverse situation; refraction from vacuum into an absorbing medium 
(as in Jackson [11], Attwood [7]). 

A generalized description of refraction between complex media was found in Chen [12] 
and Dupertuis et al. [13]. Dupertuis describes the general case of refraction of harmonie, 
inhomogeneous plane waves (HIPW's) at an interface between two homogeneous isotropic 
absorbing dielectric media. This description will be presented in the following sections and 
used to describe refraction of Cerenkov radiation at a Si-vacuum interface. 

2.2.2 Wave propagation in a complex medium 

The electric field E of a harmonie plane wave is represented mathematically by: 

E _ E -i(k-r-wt) 
- oe ' (2.15) 

with E 0 the amplitude of the wave, k the wave vector and r a vector pointing at an arbitrary 
point in space. Applying Maxwell's equations for the propagation of this harmonie plane 
wave in a medium results in the following dispersion relation: 

ii2w2 
k2

- -- =Ü 
c2 ' 
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with ii the complex refractive index. From equation (2.16) follows that the wave vector is 
complex (k --+ k) in '.:n absorbing medium (with a complex index of refraction ii). The 
complex wave vector k can be written as follows: 

k = nk0n, (2.17) 

with k0 = w / c and Îl a unit vector satisfying Îl · Îl = 1. The wave vector k satisfies the 
dispersion relation (2.16) when the unit vector Îl is real. However, with a real unit vector 
it is not possible to describe a wave in which the direction of absorption is different from 
the phase propagation direction. In order to describe such an inhomogeneous wave (as the 
HIPW in the article by Dupertuis et al. [13]), a complex unit vector is taken: 

(2.18) 

with the inhomogeneity parameter /3 and two real, perpendicular unit vectors n11 and 'IÎj_. 

The value of /3 is determined by boundary conditions. The direction of n11 is determined in 

the homogeneous case, when /3 is zero. Then the wave vector k is directed along n11, which 
is the propagation direction. The vector 'IÎj_ lies in the plane, perpendicular to n11. For the 
moment, the orientation of 'IÎj_ in this plane is arbitrary. 

Wave propagation in an absorbing medium is characterized by a variation in wave ampli
tude and phase. This can be shown by splitting the exponent in equation (2.15) in a real 
and imaginary part: 

E _ E -i(Re[k·r]-wt) -Jm[k·r] 
- 0 e e (2.19) 

The first exponent describes the phase propagation and the second exponent the wave 
amplitude. Spatially, the planes of constant phase are defined by Re[k · r] = 0 and planes 
of constant amplitude by Im[k · r] = 0. Substituting the wave vector k (from equation 
(2.17)) into equation (2.19), these conditions result in (when writing the complex index of 
refraction as ii = nR + in1 ): 

Re[k · r] = k0 (nR cosh/3n11 - n 1 sinh/3n1-) · r = 0 

Im[k · r] = k0 (n1coshf3n11+nRsinhf3n1-)·r=0 (2.20) 

For a homogeneous wave (/3 = 0), the complex wave vector is directed along n11 (see 
equations (2.17) and (2.18)). Then the planes of consta~t phase and amplitude are parallel 
and oriented perpendicular to the propagation vector k. For an inhomogeneous wave in 
a non-absorbing medium (n1 = 0), the planes of constant phase are perpendicular to 
the planes of constant amplitude. For an inhomogeneous wave in an absorbing medium, 
the orientation of the unit vectors and the value of the inhomogeneity parameter can be 
deduced from the phase and amplitude propagation directions. 

At this point we can look at the situation of Cerenkov radiation generated in an absorbing 
medium. In figure 2. 7, the planes of equal phase and amplitude are shown fora propagating 
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wave before and after refraction at an interface. The wave is created by electrons in an 
absorbing medium. Phase propagation and the direction of absorption will be pointing 
away from the radiation source. This homogeneous wave is refracted at the interface into 
a non-absorbing medium (vacuum). Note that in the non-absorbing medium the planes 

~bsorbing medium 
n=~+in1 

vacuum 
n=n = 1 R 

Figure 2. 7: Planes of constant phase and amplitude for refmction at an interface between 
an absorbing and a non-absorbing medium (vacuum). 

of constant amplitude are parallel to the phase propagation direction of the wave. In this 
case, the planes of constant amplitude stretch out from different positions on the interface 
in a direction parallel to the phase propagation of the wave. This is explained by the fact 
that the amplitude of the wave in the propagation direction remains constant from the 
point at the interface into a medium without absorption (vacuum). 

Absorption of an electromagnetic wave is described by the imaginary part of k · r (see 
equation (2.19)). The imaginary part for a homogeneous wave in an absorbing medium 
is given by Jm[k · r] = k0 ntn11 · r. This factor describes the exponential decay of the 
wave intensity (note that intensity I and wave amplitude E are related as I ex: IEl2

). The 
absorption length labs is thus given by: 

c 
labs= -

2
--. 
wn1 

(2.21) 

This absorption length corresponds to the one described by equation (2.9), because around 
the L-absorption edge in silicon (where n1 « 1) the approximation n 1 ~ x"/2 is valid. 
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2.2.3 Refraction angle 

In this section we want to deduce an expression for the angle of refraction for radiation 
incident at a Si-vacuum interface. The general theory that is treated by Dupertuis et 
al. [13] describes refraction at an interface between two absorbing media. This case will 
be discussed first. In order to do so, first of all some notations are introduced. The 
index j = i, r, t is used for incident, reflected and transmitted waves respectively. A polar 
parameterization for the complex refractive index is used according to: 

(2.22) 

A schematic representation of the situation for a wave incident on an interface is shown 
in figure 2.8. In this figure, all the vectors and angles are shown, which are required to 
describe the incident, reflected and transmitted waves at the interface. An explanation for 

A 

OJ.r 

Figure 2.8: Coordinate systems, vectors and angles to describe incident (i), refiected (r) 
and transmitted (t) inhomogeneous waves at an interface between absorbing media. 

the vectors and angles in figure 2.8 is given below. 

• An orthonormal coordinate system { ê1j, ê2j, n11j} is introduced. The direction of the 
vector n 11 j is taken as the phase propagation direction of a homogeneous wave (see 
section 2.2.2). The unit vector ê2 lies in the plane of incidence, which is determined 
by n11j and the surface normal s. With these choices, the direction of ê1j is fixed. 
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As is mentioned before, the unit vector nl_j lies in the plane perpendicular to nllj· 
The unit vector n1-j thus is a composition of ê1j and ê2j, according to: 

Î11-j = cos 'lj;jêlj +sin '!f}jê2j, 

with 'lf)j the angle between nl_ and êi: 

This situation is shown in figure 2.9 

(2.23) 

(2.24) 

Figure 2.9: Definition of the orthonormal coordinate system { ê1j, ê2j, n111} and the ori
entation of the unit vectors n1-j and n11j· 'Ij; is the angle between ê1 and nl_. The wave 
propagation vector k lies in the plane defined by nl_j and n11j. 

• The orientations of the three waves (incident, refiected and transmitted) are charac
terized by the angles e j: 

cos e. = s . ri 11 . J J' (2.25) 

ej is the angle between the surface normal s and the propagation of the incident, 
refiected or transmitted wave. fitlJ and ê1j are part of the above defined orthonormal 
coordinate system { êij, ê2j, n11j}. 

• For the general case of HIPW's, there are situations where the plane of incidence 
is not the same as the plane of refraction. Therefore, a new angle .6. needs to be 
introduced to completely describe the process of refraction. This angle between 
plane of incidence and refraction is called the defiection angle: 

sin.6. = s · (ê1i x êit)· (2.26) 

The phase of the wave at the interface is continuous upon refraction. From this phase 
matching condition follows directly that the complex in-plane components of k must be 
conserved: 

(2.27) 
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The relation above can be written in terms of angles and indices of refraction. This leads 
( after lengthy calculations) to the following generalized Snell-Descartes laws for refraction 
(see Dupertuis [13]): 

I fit 1 cosh f3t sin et cos .6.. 

= 1 fii 1 [cos ( 1Ji - 1Jt) cosh f3i sin ei + sin ( 1Ji - 1Jt) sinh f3i sin î)\ cos ei], 

I fit 1 sinh f3t [cos 'l/Jt sin .6.. + sin 'l/Jt cos et cos .6..] 

= lfii 1 [- sin( 17i - 17t) cosh f3i sin ei + cos( 1Ji - 17t) sinh f3i sin 'l/Ji cos ei]' 

(2.28) 

(2.29) 

(2.30) 

(2.31) 

These equations thus describe the refraction of a HIPW at the interface between two 
complex media. 

For the special case of Cerenkov radiation created inside Si and refracted at the interface 
into vacuum, we use the following assumptions and initial conditions: 

• The created wave of Cerenkov radiation inside the Si is homogeneous (f3i = 0), be
cause the radiation source is located inside the Si. Phase propagation and absorption 
will both be directed away from the source. 

• The indices of refraction for Si (lfii(w)I, 7Ji(w)) and vacuum (lfitl = 1, 1Jt = 0) are 
known. N ote that we take 7Ji > 0 from this point on, in contrast to the sign convention 
used by Dupertuis, 1Ji < 0. 

• The angle of incidence (ei) is known. 

From the above conditions and equations (2.28) to (2.31) it follows that the angle 'l/Jt = 7r/2 
(or n1-t = ê2t; see equation (2.24) and figure 2.8 for its definition) and that the defiection 
angle .6.. = 0 (see equation (2.26)). The generalized Snell-Descartes equations in this case 
reduce to: 

I fii I cos 1JJ sin ei = sin et cosh f3t 

I fii 1 sin 7Ji sin ei = cos et sinh f3t (2.32) 

lt turned out that this set of equations can also be found in another way. When the 
complex index of refraction is substituted into Snell's law (equation (2.14)), 

(2.33) 
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a complex angle of refraction et is introduced from mathematical point of view, because ei 
and nt are real. This complex angle can be written as the sum of a real and a complex part, 
ët = Bt + if3t· The complex index of refraction of equation (2.22) can also be decomposed 
into a real and an imaginary part: ni = lnil cos 'r/i + iJnil sin 'r/i· The above equations are 
substituted into the complex Snell law (equation (2.33)). With the use of some trigono
metrie relations it can be shown that the real and imaginary part of the complex Snell 
law correspond to the set of equations (2.32). It can be concluded that refraction from 
an absorbing medium to a non absorbing medium is a special case of the description by 
Dupertuis and that this case can be described by introducing a complex angle in Snell's 
law. 

The solution for the (real) angle of refraction in this set of equations (2.32) is not triv
ial, due to the presence of hyperbolic functions. With some computer aid the angle of 
refraction Bt and the inhomogeneity parameter f3t can be calculated as a function of the 
angle of incidence. These results are shown in figure 2.10 for an energy just below the Si 
L-absorption edge (99.4 eV). In figure 2.lüb it can be seen that for angles of incidence (Bi) 

(a) 10 (b) 
0t 80 

~ 8 [deg] (deg] 
60 

6 

40 
4 

20 2 

0 20 40 60 80 0 20 4 0 6 0 80 
0î [deg) 0; [deg] 

Figure 2.10: Solution of the Snelt-Descartes equations for refraction of 99.4 e V radiation 
at a silicon-vacuum interface. The solution for the angle of refraction Bt is shown in ( a) 
and the solution for the inhomogeneity parameter f3t is shown in (b). 

smaller than rv 70°, the inhomogeneity parameter f3t for the transmitted wave is close to 
zero. Here, the transmitted wave is practically homogeneous. However, for larger Bi's, f3t 
increases rapidly up to about 10°. 

Figure 2. lüa shows that the behavior of the angle of refraction is almost linear up to 
ei ~ 70°. For a more detailed analysis of the region at larger ei 's, figure 2.11 shows the 
region from ei = 75° and up. In this figure, the behavior of Bt fora real index of refraction 
(ni---> ni = Jnil cosryi) is added (the dashed line). The curve for this real index ofrefraction 
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Figure 2.11: Comparison of the refraction angle for real ( dashed line) and complex index 
of refraction (solid line), for refraction at a silicon/vacuum interface of 99.4 e V photons. 
Only in the case of a real index of refraction there is a critica[ angle for ei '.::::' 80°. 

shows an upper limit for the angle of incidence of about 80°. This is called the critical 
angle for total internal refiection, Be. This critical angle Be is defined as: 

(2.34) 

Radiation incident at angles larger than the critical angle will not be transmitted into vac
uum, but will be completely refiected (at least fora real index ofrefraction). A comparison 
of the emission angle of Cerenkov radiation, Be, and the critical angle for internal refiec
tion, Be, shows that in the limit for v --+ c these angles are related as Be = 90° - Be. This 
means that for the case of an interface parallel to the path of the generation of Cerenkov 
radiation, the radiation will be incident on the interface at the critical angle for internal 
refiection. 

For a micro channel plate (MCP) structure, a higher Cerenkov radiation yield is expected 
compared to a single foil. This idea is based on the enlarged effective surface through which 
radiation can be emitted. In a MCP structure, the walls are parallel to the path of the 
electrons that generate Cerenkov radiation. As can be seen in figure 2.11, there are angles 
ei larger than the critical angle, at which radiation is refracted for a complex medium. 
Therefore, some part of the radiation is transmitted for angles of incidence at or larger 
than the critical angle. In order to predict the yield of a MCP structure, it is important to 
know how much of the radiation is transmitted. The transmission T denotes the fraction 
of radiation intensity that is transmitted through the interface. This transmission will be 
the subject of interest in the next section. 
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2.2.4 Transmission at an interface 

To calculate the transmission T of radiation at an interface, we first calculate the reflectivity 
R. The reflectivity is the part of the radiation intensity I that is reflected at the interface. 
The remaining part of the radiation is transmitted. This transmission is equal to T = 1-R. 
The reflectivity R can be calculated by use of the complex Fresnel coefficient r. This Fresnel 
coefficient r is the ratio of reflected electric wave amplitude to incident wave amplitude. To 
describe the reflectivity, the Fresnel coefficient needs to be squared, because wave intensity 
and amplitude are related as I ex IEl 2

. Consequently, the transmission is given by: 

(2.35) 

The complex Fresnel coefficient r can be expressed in a way that it depends only on the 
angle of incidence and the ratio of the (complex) indices of refraction. However, the Fresnel 
coefficient differs for different polarization modes. Therefore, a distinction is made between 
transverse electric (TE) and transverse magnetic (TM) waves. Expressions for the Fresnel 
coefficient can be found in Chen [12] and are given below: 

cos(}. - . 1(~)2 - sin2 (} 
- i V ni i 
rrE = _ , 

cos(} + . l(!!:t.) 2 - sin2 (}. 
i v Ri t 

for TE polarized waves 

_ ( ~-)2 cos (}i - J (IJ!; )2 - sin2 
(}i 

rrM = (~ )2 cos (}i + j(~'. )2 - sin2 (}i' 
for TM polarized waves (2.36) 

Here iii and fit are the complex indices of refraction of the medium of incidence and 
refraction respectively. 

Next, we consider the special case of refraction of Cerenkov radiation that is generated in 
silicon. The transmission is calculated for radiation at 99.4 eV that refracts at the interface 
between the absorbing silicon and vacuum. The polarization mode of this radiation is TE 
upon incidence on an interface perpendicular to the electron beam. At interfaces at oblique 
incidence the polarization mode upon is a superposition of the TE and TM mode. However, 
the difference in transmission between the two polarization modes is smaller than 33 at 
this energy for any angle of incidence. Therefore, we neglect the polarization mode of the 
incident wave when calculating the effect of transmission on the Cerenkov radiation yield. 

In figure 2.12, the transmission is shown for TE polarization. A comparison is made 
between the situations with either a real ( dashed line) or a complex ( solid line) index 
of refraction for silicon. It can be seen that there is a drop in transmission around the 
cri tical angle (as defined in equation ( 2. 34)). The drop is not as sharp in the case of 
a complex index of refraction than in the case of the real one. Consequently, from the 
radiation that is incident at angles around the critical angle a significant part will be 
transmitted at the interface of an absorbing medium. For configurations where the electron 
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Figure 2.12: Comparison between the transmission T for real index of refraction (dashed 
line) and complex index of refraction (solid line) for the specific case of refraction from Si 
to vacuum for 99.4 e V radiation in a TE polarization mode. ei is the angle of incidence. 

beam is at grazing incidence, Cerenkov radiation will partly be transmitted through the 
interface. This transmission will therefore be included in calculations of refraction of 
Cerenkov radiation at grazing electron incidence. 
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Chapter 3 

N umerical photon yield calculations 
for oblique electron incidence 

To study the Cerenkov photon yield of a MCP structure, the effect of refraction for angles 
of incidence around the critical angle needs to be regarded. This is because the walls in an 
MCP structure are oriented parallel to the electron beam at normal incidence, as will be 
shown later. For these interfaces at grazing incidence with respect to the electron beam, 
the generated Cerenkov radiation is incident at the interface at about the critical angle ()c 

for total internal reflection. In section 2.2.4, we have shown that a part of the radiation 
will still be transmitted at this angle in the case of a complex medium. This might indicate 
that a MCP structure is able to generate a large photon yield. To predict the radiation 
output for structures like the MCP, a model has been set up. This model calculates an 
approximate photon emission profile for a semi-infinite material with the interface at an 
arbitrary angle relative to the electron beam. 

The simulations based on this model are performed using the computer program Matlab. 
The description of the problem and the implementation in Matlab are described in section 
3.1. The simulations for the photon yield are presented in section 3.2 and the conclusions 
in section 3.3 . 

3.1 Speci:fications 

The Matlab simulation (a listing of the program is enclosed in Appendix A) calculates 
an approximate for the number of Cerenkov photons, emitted in a solid angle region drl 
( defined by d() ,d<p) as a function of the orientation of a silicon-vacuum interface ( relative 
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to the electron path). A schematic overview of the situation is shown in figure 3.1. The 

Cerenkov 
---~radiation 

------------------:------ ... \. e .. 

Figure 3.1: Schematic representation of the Cerenkov photon emission process. A photon 
is generated inside Si at point P, refracts at the interface which is at an angle 8 with respect 
to the electron beam. The photon leaves the interface at an angle () and azimuthal angle r.p. 

direction of photon emission is defined by the emission angle () and azimuthal angle r.p. The 
orientation of the interface is defined by the angle 8 between the normal of the interface 
and the electron path. 

Consider the point Pat a depth z inside the material (see figure 3.1). The spectral yield 
of the photons that are created by one electron along a length dl at point P in a frequency 
range dw is deduced in section 2.1.3. Equation (2. 7) is an approximation for the spectral 
yield in the soft x-ray region: 

Cerenkov photons of different energies are emitted in different directions with respect to 
the electron path. This emission angle (Je inside the material is already mentioned in 2.1.l 
and is defined as: 

c 
cos()e = -, 

vn 

with v the electron velocity and with the index of refraction n as function of frequency w 
(n = n(w)). The data for n(w), from Henke et al. [8], is taken from the website of the 
Center for x-ray opties (CXRO) [9]. 

The emitted photons are uniformly distributed over the azimuthal angle r.p. Along the 
optical path from point P to the interface, part of the light is absorbed. The intensity of 
the light decreases exponentially with distance in an absorbing medium (see equations (2.9) 
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and (2.21)), which leads to the following expression for the remaining number of photons 
N at the interface: 

N 2n1E - = exp(---l), 
Np !ic 

(3.1) 

where Np is the number of created photons in P, n1 the imaginary part of the index of 
refraction (n = nR - in1), Ethe photon energy, 1i Planck's constant and lis the distance 
from P to the interface. This distance l as function of depth z, emission angle Be, interface 
angle ö and azimuthal angle cp is given by: 

l= z 
sin ee tan ö cos cp +cos ee (3.2) 

The angle of incidence ei of the photons at the interface is the angle between the interface 
normal and the photon propagation direction. This angle of incidence ei will be used to 
calculate the angle of refraction, et· The exact solution for the final emission angle in 
the (B, cp)-coordinate system to this refraction problem is not trivial. For the calculations, 
we satisfy with the following approximation. In this approximation, the initial angle cp 
remains unaltered upon refraction. The expression to transform the angle of emission Be 
to the angle of incidence ei is: 

ö cos cp - ee ,if ö cos cp > ee 
e e - ö cos cp ,if ö cos cp < e e 

(3.3) 

At the interface, the photons are refracted. The angle of refraction et is calculated using 
equations (2.28) through (2.31) and the transmission T is calculated using equation (2.35). 
The angle after refraction, Bri is again transformed back to the new emission angle after 
refraction e, relative to the electron path: 

e = { ö cos cp - er ,if ö cos cp > ee 
er+ ó cos cp ,if ó cos cp < Be 

(3.4) 

To calculate the photon yield outside Si, an integration over depth z is performed. Further
more, the photon yield in certain parts of space, or in the entire space, can be calculated 
by defining the integration extremes in the ( e' cp )-domain and by integrating over these 
angles. 

3.2 lmplementation and results 

To gain insight into the simulations, we first look at the photon distribution as a function of 
the emission angle e. In figure 3.2, the Cerenkov photon yield per electron in a wavelength 
region dw and azimuthal angle region dep = 1° around cp = 0° is shown as function of 
emission angle e. In this figure the rightmost curve represents an interface perpendicular 
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Figure 3.2: Angular photon distribution. Each point in the figure represents the number 
of emitted photons in a direction () {degreej with cp = 0° within a frequency range dw and 
azimuthal angle region dep = 1°. 

to the electron beam ( 8 = 0°) and the leftmost curve an interface at an angle of 8 = 80°. 
The data points in the top part of each curve for increasing emission angle (), represent 
photons with increasing energy. This is due to the fact that the index of refraction increases 
for increasing photon energy up to the absorption edge (see figure 2.6). Past the absorption 
edge the index of refraction becomes smaller and consequently the emission angle decreases 
hereafter for increasing photon energy. The latter effect is visible in the lower part of each 
curve in figure 3.2. 

The yield per wavelength region per azimuthal angle ( dN / dwdcp) increases for increasing 
photon energy up to the absorption edge in silicon. Due to strong absorption in Si past 
the absorption edge, the yield rapidly decreases. Clearly visible in this figure is the overall 
shift of the curve towards smaller emission angles for large 8. This shift is due to refrac
tion at the interface. For interfaces approaching grazing incidence, photons are more and 
more refracted towards smaller emission angles e. Note that some photons are emitted at 
negative emission angles (in a downward direction when the electron path is horizontal). 

To study the effect of grazing incidence on the total photon yield, we need to integrate 
over the entire ((), cp)-domain. However, because we consider a semi-infinite material, the 
photons that are emitted downwards after generation (90° < cp < 270°) may be faced 
with an infinite length l in the medium. For example, photons emitted in a direction 
(()=(Je, cp = 180°), move parallel to the interface in the infinite medium when 8 = 90° -{}e· 

When the interface is oriented almost parallel to the electron beam, the number of photons 
that leaves the material in the (90° < cp < 270°) region is very low compared to the 
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270° < r.p < 90° region. Therefore, we will only consider the photons that are emitted in 
the upper half space. 

Integrating over all photon energies (and thus over all wavelengths or emission angles 0), 
results in the azimuthal yield in the direction r.p. The total yield in the upper half space 
is calculated by integrating from r.p = 270° to r.p = 90°. In figure 3.3, a plot is given for 
this total yield as function of interface angle <5. In this figure, an increase in yield is visible 

N 

-3 
45x10 

4 

3.5 

3 

2.5 

2 

1 5 

0 0 
270 <<p < 90 

0.5~------------~ 

. 

. 
l 

0 
0 10 20 30 40 50 60 70 80 90 

ö [deg] 

Figure 3.3: Total yield N in the upper half space 270° < r.p < 90° as function of interface 
angle <5. 

for increasing interface angle <5. This is because the electron path lies closer to the surface 
for grazing incidence and more and more photons travel a shorter distance towards the 
surface. In this way, less absorption of photons towards the interface takes place and the 
yield increases. Note that at <5 = 90°, the electrons move at the surface of the medium. 
The emitted radiation is not absorbed in the direction away from the surface and the 
generation length is infinite because the interface has an infinite length. This leads to an 
infinite photon yield. 

The dependence of the yield on the azimuthal angle r.p is shown in figure 3.4. For three 
different interface angles, the total yield (integrated over all emission angles 0) is plotted 
as function of the azimuthal angle r.p. For <5 =Je 0°, the azimuthal yield reaches its maximum 
in r.p = 0° and its minimum in r.p = 180°. Note that this yield is symmetrie around r.p = 0°. 
It is also visible that the increase in yield in the upper half space ( r.p < 90°) is compensated 
by a decrease in yield in the lower half space ( r.p > 90°). This means that the overall photon 
yield for interfaces at oblique electron incidence will not vary much with interface angle <5 

up to interface angles of <5 = 80°. At larger interface angles, the total yield will increase 
with respect to the yield at normal incidence. 
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Figure 3.4: Azimuthal photon yield dN / d<.p per electron for interface orientations 5 = 0, 60 
and 80° as function of azimuthal angle <p. 

Next, we want to simulate the radiation yield that reaches the detection setup (photodiode) 
in the experimental setup. The solid angle used here, dO ( defined as: 8 ± .0.8 = 5 ± 0.5° 
and 'P ± b.<.p = 0 ± 0.5°) is approximately the solid angle of the photodiode used in our 
experiments (see section 4.4). To simulate the behavior at a fixed observation angle 8 
we must not integrate over all emission angles (), because only a limited range of angles 
(()min < () < ()max) contributes to the photon yield in the photodiode at 8 ± .0.8. To select 
this range of angles (), the following procedure is followed. 

Only the photons at the low energy side of the absorption edge are taken into consideration 
(the upper part in one of the two curves in figure 3.2). Then an interpolation of these 
data points is carried out by use of the Matlab function 'spline'. This function generates a 
smooth function by cubic spline interpolation for the given row of data points. Because the 
'spline' function only operates on a monotonie row of data points, only the upper part (from 
one of the curves in figure 3.2) is used. The error introduced by neglecting the lower part 
in the dN/dwd<.p curve (at the high energy side of the absorption edge) is about 14% [14]. 
To calculate the yield of photons in the limited angle range .0.8, integration is performed 
between some ()min and ()max (corresponding with Wmin and Wmax respectively). When 
applying this integration range, a problem arises. Due to the piecewise linear dependence 
of the index ofrefraction on energy (as taken from CXRO [9]), discontinuities in the spectra! 
yield are introduced that may lie within the integration range. 

Knowledge on the data for the refractive index of silicon around the absorption edge is 
limited. In the region of interest, between 95 and 100 eV, only several data points are 
known (see Henke [8]). Linear interpolation of these data-points is dorre at the website 
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of CXRO [9] to produce the number of data-points requested by the user (see figure 2.6). 
This means that in between each known data point the index of refraction varies linearly 
with energy (n ex aiE). In the soft x-ray region, the following approximations are valid: 
x' '.:::::'. 2(n - 1) and ee '.:::::'. Jx' - ,-2 . From these approximations, combined with equation 
2. 7, the following relation between the spectral yield dN / dBe and the emission angle Be can 
be derived: 

(3.5) 

with ai the slope of the ith linear interpolation between index of refraction data points. 
Integrating over e includes a discontinuity when the integration range includes two different 
ai' s (as a resul t of the linear interpolation). This discontinui ty is visi ble as a sudden change 
in the data point spacing in figure 3.2. To avoid this problem, n should be a continuous 
function of E such that dN / dBe is also continuous. 

We have used an exponential fit to describe the behavior of the index of refraction from 93 
eV up to the absorption edge (99.7 eV)(see figure 3.5). The deviation of the exponential 
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Figure 3.5: Behavior of the real part of the susceptibility x' around the Si L-absorption 
edge. The squares represent the points where the index of refraction (from Henke et al. 
{8)) is known and the thicker line indicates the exponential fit (fitted up until 100 e VJ. 

fit from the linear fit can be shown by calculating the total photon yield per electron for 
a normal interface (8 = 0°). For the exponential fit the total yield over the entire space 
is 8.4 · 10-4 and 8.6 · 10-4 for the linear fit. This is in reasonable agreement with the 
previously calculated yield of 8 · 10-4 (see section 2.1.3). 

The effect of using this exponential fit on the angular photon distribution is shown in figure 
3.6. This figure presents the number of photons emitted in a direction e per electron in a 
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Figure 3.6: Angular photon distribution using an exponential fit for the refractive index 
data. Each point in the figure represents the number of emitted photons in a direction 0 
[ degree) for ó = 80°, cp = 0° within a frequency range dw. The vertical lines de fine the 
outer extremes of the detection setup at 8 = 5°. 

frequency band dw and azimuthal angle region dep, with the interface at an angle ó = 80°. 
Only the data on the low energy side of the absorption edge is shown here. The two 
vertical lines represent the region of angles 0 that define the position of the detection setup 
(0 = 5° ± 0.5°). Compare this figure with figure 3.2, where the linear fit for the index of 
refraction was used. The shape of the curve has remained the same, only the spacing of 
the data-points does not show sudden changes anymore. From these data points a spline 
fit is generated and the surface below the curve between Omin and Omax (vertical lines in 
figure 3.6) is calculated. This surface represents the photon yield per electron, emitted in 
the direction of the detection setup. 

The effect of varying the interface angle on the yield in a limited region in 0-space is 
presented below. Figure 3. 7 shows the behavior of the photon yield per electron as a 
function of interface angle ó. The detection setup is positioned at cp = 0°, 0 = 5°. Similar 
as for integration over all 0-angles (see figure 3.3), there is an increase of photon yield for 
increasing interface angle ó. The sharp drop around ó = 85° in figure 3. 7 is a result of 
refraction towards smaller angles 0 at the interface: Photons are refracted at smaller angles 
for increasing interface angle. Therefore, the entire Cerenkov radiation cone shifts towards 
smaller angles 0. Eventually, photons are refracted at such small angles that no photons 
are emitted towards the detection setup (at 8 = 5 ± 0.5°) anymore. 

Simultaneously with a change in yield, there is also a change of the average photon energy 
at the (fixed) position of the detection setup. Because of refraction of photons at the 
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Figure 3. 7: Total photon yield N per electron in the direction cp = 0°, e = 5° as a function 
of interface angle b. 

interface, the angular energy distribution changes. The shift of photon energy at a fixed 
monitoring angle 8 ~ 5° for varying interface angle b is shown in figure 3.8. For interface 
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Figure 3.8: Average photon energy of photons emitted in the direction cp = 0°, 8 = 5° for 
varying interface angle int erf ace angle b. 

angles up towards b = 85°, the average photon energy at the photodiode changes from 98. l 
to 99.8 eV. For even greater interface angles, the photons are emitted at smaller angles 
and will not reach the detection setup anymore in the 8 ± D.8 range. 
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3.3 Conclusions 

From the simulations in the previous section, we can conclude that the Cerenkov cone 
becomes asymmetrie after refraction at an interface at oblique incidence. The total photon 
yield in the entire space remains constant for the interfaces at an arbitrary angle relative 
to the electron beam (up to an interface angle of ö = 80°), as can be deduced from the 
azimuthal photon yield in figure 3.4. The gain in the upper half space (for azimuthal angles 
270° < cp < 90° is compensated by a loss in the lower half space. For interface angles greater 
than 80°, the total yield shows an increase with respect to the case of normal incidence. 

Because more photons are emitted in the upper half plane (more photons in a smaller solid 
angle), the brightness (in s·sr·µ~~~~~BW) of this source increases for increasing interface 

angle ö. On top of this effect, the solid angle of the (asymmetrie) Cerenkov cone decreases 
for interfaces at an angle with respect to the electron beam. The photons are distributed 
over a smaller range of emission angles than for an interface normal to the electron beam 
(as can be deduced from the width of the curves in figure 3.2). This also leads to an 
increase of the brightness of this source. 

The largest increase is expected for surfaces that are parallel to the electron beam (for 
ö = 90°, see figure 3.3). This means that a MCP structure should be placed normal to 
the electron beam. In this way, the walls of the channels in the MCP are parallel to the 
electron beam. In this way, the length over which radiation emits the material depends 
strongly on the length of the channels in the MCP and will result in an infinite yield (when 
the channel length is not restricted). 

30 



Chapter 4 

Experimental setup 

4.1 Overview of the setup 

In this chapter, the experimental equipment is described which is used to generate and 
detect Cerenkov radiation. A schematic overview of the complete experimental setup is 
given in figure 4.1. Electrons are accelerated to 5 MeV by a LINear ACcelerator (LINAC). A 

Detection setup 
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Target Bending magnet 
// , 

LINAC 5 

/ , 

------· Electron path 
-- Cerenkov radiation 

1 
1 
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r=!JFaraday cup 

Figure 4.1: Schematic overview of the experimental setup. Electrons are accelerated to 5 
Me V by a LINear ACcelemtor (LINAC) and pass a target where Cerenkov radiation is 
created. A detection setup is used to analyze the mdiation from the target. Electrons are 
bent in a magnetic field into a Famday cup. 

target is placed behind the accelerator in which the electrons generate Cerenkov radiation. 
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Behind the target the electrons are bent 90° downwards in the magnetic field of a dipole 
magnet. The electrons are directed into a Faraday cup, where they are stopped and the 
current of the beam is measured. In this carbon Faraday cup, Bremsstrahlung is produced 
due to the stopping of the electrons. Because of the high intensity of this ionizing radiation, 
the Faraday cup is shielded with lead blocks and the entire accelerator is placed inside a 
concrete bunker. 

The generated Cerenkov radiation is analyzed in a so-called "() - 2()" detection setup. This 
detection setup can be placed at several fixed angles 8 (0, 2, 5 and 10°) relative to the 
electron beam. With this detection setup, information can be gathered about the radiation 
intensity profile as function of emission angle as well as spectral information of the incident 
Cerenkov radiation. 

The different components of this setup will be discussed in the following sections. 

4.2 LINAC 5 

In figure 4.2, a schematic representation of the 5 MeV linear accelerator (LINAC 5) is 
shown. In this (farmer) medical accelerator, electrons are accelerated by a running electro-
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Magnetron 

RFdump 

Figure 4.2: Schematic representation of the 5 Me V L!Near ACcelerator (LINAC 5). 

magnetic wave that travels through the waveguide. A pulse triggers the magnetron and the 
electron gun. The magnetron produces a 3 GHz RF pulse of about 4.0 µs, which is coupled 
into the waveguide. Simultaneously, a DC field over the electron gun accelerates a cloud 
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of electrons into the waveguide, where the acceleration to about 5 Me V by the RF wave 
takes place. To dispose the RF energy after electron acceleration, the wave is coupled out 
of the waveguide into a RF dump. The accelerator produces electron pulses with a length 
of about 4.0 µs and a maximum peak current of about 100 mA. At nominal operation level 
(around 40 mA peak current), the charge within one pulse is 140 ± 4 nC (measured in a 
Faraday cup directly behind the accelerator), corresponding to (8.7 ± 0.2)·1011 electrons. 
The repetition rate of the accelerator (number of electron pulses per second) can be set to 
1, 2, 5, 10, 25 or 50 Hz. 

The electrons can be steered during acceleration with two pairs of centering dipole magnets. 
One pair is used to adjust the electron beam in the vertical direction and another pair is 
used for the adjustment in the horizontal direction. Focussing in longitudinal direction 
is done with three solenoidal magnets. By varying the current through the centering 
and focussing magnets, the beam is directed along the accelerator axis and focussed to a 
diameter of about 2 mm on the target behind the accelerator. 

4.3 Target 

Two targets are used in the experiments. One target is a Si-foil with a thickness of 10 µm 
and the other is a Micro Channel Plate (MCP). Both targets are mounted in a circular 
holder (with an inner diameter of 20 mm), which can be tilted with respect to the electron 
beam. The MCP structure is shown in figure 4.3. It contains channels with rectangular 

Cross-sectional side view Frontal view 

300µm 

Figure 4.3: Schematic representation of the Micro Channel Plate (MCP). Bath the cross
sectional side view and the frontal view are shown (but not on scale). 

cross-sections of 10 x 10 µm, separated by 1 µm thick walls of silicon. The channels are 300 
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µm long. Normally, the MCP is used as a charge amplifier. For this purpose, its surface 
is coated with Si02 or Si3N4 . However, the MCP used in our experiments however, is not 
coated. 

The objective of the MCP target is to increase the Cerenkov radiation yield compared 
to the yield from a single foil. When the MCP is oriented perpendicular to the electron 
beam, electrons pass through the walls at grazing incidence. The Cerenkov radiation 
that is generated in these Si walls will leave the structure through the channels. In this 
way, the effective surface that emits Cerenkov radiation is enlarged compared to that of 
a single foil. In chapter 3 we have calculated that there is a radiation yield increase for 
interfaces at grazing incidence relative to the electron beam. From these considerations, 
an approximation can be made for the increase of the MCP photon yield compared to a 
single foil. This is shown in figure 4.4. A considerable increase in yield is predicted for 
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Figure 4.4: Expected increase in silicon L-edge Cerenkov radiation yield for a micro channel 
plate compared to a single foil. 

angles smaller than about 1°. The yield at 0° goes to infinity, because the length of the 
MCP channel is infinite in this approximation. 

4.4 Detection setup 

A schematic representation of the detection setup that is used to detect Si L-edge Cerenkov 
radiation is shown in figure 4.5. This is a so-called e - 28 detection setup which contains a 
Si/Mo multilayer mirror and an AXUV photodiode. Both elements are placed on rotating 
mounts in such a way that the photodiode faces the mirror. Photons that enter the 
detection setup are incident upon the multilayer mirror at an angle of incidence e. The 
photons are reflected again at an angle of reflection e towards the photodiode. 
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Figure 4.5: Schematic representation of the e - W detection setup, which contains a mul
tilayer mirror and a photodiode, bath on rotating mounts. The angle e is the angle of 
incidence of the radiation on the multilayer mirror. 

The solid opening angle (0) of the detection setup is determined by the dimensions of the 
photodiode (10 x 10 mm) and the distance between the silicon target and the photodiode 
(approximately 60 cm). This configuration results in a solid angle n of 2 · 10-5 sr. 

The detection setup is (photon) energy selective. This is due to the wavelength dependence 
of the reflectivity of the multilayer mirror. Radiation with a different wavelength ( energy) 
will be reflected optimally for a different angle of incidence on the multilayer mirror. The 
refl.ectivity of the multilayer mirror can be calculated for different energies and angles 
of incidence (see CXRO [9]). Together with the specifications of the photodiode, the 
radiation intensity before reflection can be derived from the photodiode signal. Because 
of this energy selective property, an energy spectrum can be measured, by analyzing the 
photodiode signal for different angles of incidence on the multilayer mirror. 

The e - 2e setup has a second function. èerenkov radiation is selectively reflected by 
the multilayer mirror out of the line of sight from the source. In this way, the amount of 
background radiation is reduced and the sensitivity for soft x-ray radiation is increased. 

The characteristics of the photodiode and multilayer mirror will be presented in the fol
lowing sections. 
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4.4.1 Photodiode 

The photodiode which is used in the experiments is an AXUV 100 diode from International 
Radiation Detectors (IRD) Ine. [15]. It consists of bulk silicon, covered with a 3 nm silicon
oxide layer. A filter layer of 6/200/50 nm Ti/Zr/C is deposited on the surface to black 
any visible or ultraviolet light. When photons (with an energy greater than 1.12 eV) are 
incident upon the photo-diode, electron-hole pairs will be created. The number of pairs 
is measured by separating the charge carriers in an external electric field. This leads to a 
current that is proportional to the number of electron-hole pairs. The quantum efficiency 
(QE) of a photo-diode is defined as the number of electron-hole pairs that is created per 
incident photon. The QE dependence on photon energy (in the XUV region) for the 
AXUV diode is shown in figure 4.6. Note that the photodiode is also sensitive to higher 
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Figure 4.6: Quantum efficiency of the AXUV 100 diode in the XUV wavelength region 
around the Si L-absorption edge. 

photon energies. However, above a certain photon energy, the photon will be transmitted 
through the photodiode without transferring its total energy. Then the number of created 
electron-hole pairs is not langer proportional to the energy of the incident photon. 

4.4.2 Reflectivity of a multilayer mirror 

A multilayer mirror is used in combination with the photodiode to analyze the Cerenkov 
radiation from the target. A multilayer mirror is used instead of a single layer mirror, 
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because the refiectivity for soft x-ray radiation is much higher. Also, the refiectivity for 
photons of different energies is optimal for different angles of incidence. This property is 
used to discriminate photons according to their energy. To understand the refiecting prop
erties of the multilayer mirror, some principles of multilayered structures will be discussed 
below. 

Scattering of radiation arises from differences in refractive index. Refiection at a single 
interface occurs due toa step-like variation in refractive index. When a second interface is 
created near the first one (by adding a layer of material with a different index of refraction), 
the two refiected waves from both interfaces will interfere when refiected. A proper choice 
of the distance between the two interfaces will lead to constructive interference (the phase 
difference between the interfering waves should then be m · >../2, with m a positive integer). 
This results in an increase of refiectivity of the system. Refiectivity can be increased even 
more by adding more and more interfaces. In the soft x-ray radiation regime (around 100 
eV), refiectivities of about 70 % for normal incidence multilayer mirrors can be reached [7]. 

In figure 4.7, the situation for oblique incidence is shown. The constructive interference 

d 

dsin9' 

Figure 4. 7: Schematic representation for off-normal incidence of radiation (at an angle 
e' = 90° - e on a structure with multilayer period d). 

condition for off-normal incidence is described by Bragg's law: 

mÀ = 2dsinB', ( 4.1) 

where m is a positive integer, À is the wavelength of the radiation, d is the multilayer 
period and B' is the angle of incidence, between propagation direction of the wave and 
the material's surface (B' = 90° - B). By use of Bragg's law multilayer mirrors can be 
constructed that show constructive interference at the desired angle of incidence for a 
certain wavelength. The refiectivity of the mirror can be optimized by varying the ratio of 
one layer thickness to the thickness of one period. 
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For the experiments, two types of multilayer mirrors are used. One is a Mo/B4C mirror 
(made by Osmic Ine.) and the other is a Si/Mo mirror (made by FOM Rijnhuizen). The 
specifications and properties of these mirrors will be discussed below. 

One multilayer mirror that is used in the experiments is a molybdenum/boron4carbon 
multilayer mirror. The top layer in one period (with periodicity thickness d = 74.4Á) 
is Mo. The ratio of bottom layer (B4C) to period thickness is 0.5. The reflectivity for 
this structure is obtained from CXRO [9]. The reflectivity profile for different angles of 
incidence as function of photon energy is shown in figure 4.8. For one angle of incidence, 

95 96 97 98 ~ 100 1M 1~ 1~ 1M 1~ 

Photon energy [eV] 

Figure 4.8: Refiectivity curves of a M o /B4 C multilayer mirror for different values for the 
angle of incidence e as a function of photon energy. 

the typical width of the reflectivity curve is about 3 eV. The maximum reflectivity for 
arbitrary angle of incidence is nearly constant at 0.3 (within the Si-L edge energy region). 

The other multilayer mirror that is used in the experiments is a silicon/molybdenum mul
tilayer mirror. One layer (with a periodicity thickness d of 65.2 Á) consists of a (top) 
layer of Mo and a (bottom) layer of Si. The ratio of bottom layer to multilayer period is 
0.617. The reflectivity as function of photon energy for this structure is again obtained 
from CXRO [9]. An overview of the reflectivity for several angles of incidence as function 
of photon energy is shown in figure 4.9. The reflectivity of the mirror is a strong function 
of energy and angle of incidence. The typical width of a reflection curve at a fixed angle of 
incidence is about 3 e V. The sudden drop in reflectivity for photons with energies greater 
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Figure 4.9: Reftectivity curves of a Si/Ma multilayer mirror for different values of the angle 
of incidence (} as function of the photon energy. 

than 100 e V can be ascribed to absorption in the Si layers of the mirror. The absorption 
of these photons increases suddenly at the Si L-absorption edge (as was already seen in 
figure 2.6). This results in the drop in reflectivity around 100 eV. 
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Chapter 5 

Experimental results and discussion 

In this chapter, measurements of Si L-edge radiation for both a foil and a MCP structure 
are presented. The detection setup is placed at different viewing angles 8 to verify the 
(cross section of the) cone shaped emission profile from a foil as derived in section 2.1.3. 
The spatial energy profile of the emitted photons can be analyzed because of the energy 
dependent refiectivity of the multilayer mirror on angle of incidence. Furthermore, the yield 
of the MCP will be compared to the yield of a foil. Before presenting the results, some 
details of the measurement procedure are discussed. A critical analysis of this procedure 
is required due to the presence of high energetic background radiation in the experimental 
set up. 

5.1 Measurement methods and configuration 

In the detection setup, both the mirror and diode are placed on rotating mounts containing 
an angular scale. The zero angles are defined as the orientations in which the mirror is faced 
towards the target and the diode is directly opposite to the mirror, in a position between 
the target and the mirror. These two zero angles can be determined to an accuracy within 
1°. When radiation is incident on the mirror at an angle of e, the refiected radiation will 
be detected by the photodiode when the diode is positioned at an angle of 20. However, in 
this experimental setup, a background signal of high energetic photons is generated where 
the electrons are stopped. This penetrating radiation contributes to the photodiode signal 
through direct incidence on the diode and will not show any e - 20-relation. To extract 
the contribution of Cerenkov radiation to the photodiode signal, we have to correct for this 
background signal. Therefore, a characterization of the background signal is required. 
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It can be shown that the contribution of background radiation to the photodiode signal 
is strongly dependent on the orientation of the diode. This can be seen in figure 5.1. In 
this figure, the background signal is shown for an angular diode scan at fixed mirror angle. 
There is no Cerenkov radiation contribution, because at the chosen angle of the mirror 
( e = 40°) the reflectivity of the mirror for Si L-edge radiation is negligible. The shape of 
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Figure 5.1: Diode signal as function of diode angle behind a silicon foil. The Mo/B4 C 
multilayer mirror is fixed at an angle of e = 40°, where no Si L-edge Cerenkov radiation is 
refiected. The detection setup is positioned at a viewing angle 8 = 5°. The repetition rate 
of the accelerator is !rep = 25 Hz 

the curve in this figure can be explained by looking at the effective diode surface directed 
towards the Faraday cup (where the major part of the background radiation is generated). 
The effective surface is maximal when the diode angle 20 is 0°. Then the backside of the 
diode is directed towards the source of the background radiation. Because this radiation is 
highly energetic, it causes a considerable diode signal, even though it is not incident on the 
front (radiation sensitive) side of the detection setup. The effective diode surface becomes 
smaller for increasing diode angle and the diode signal remains approximately constant for 
diode angles between 60 and 90°. In this region the diode is oriented parallel with respect 
to the direction of the background radiation. 

Consider the situation in which the detection setup is configured to measure Cerenkov 
radiation. The extra signal due to Cerenkov radiation will cause a peak at the 20 angle, 
superimposed onto the background signal of figure 5.1. To determine the contribution 
of Cerenkov radiation to the photodiode signal, this signal due to background radiation 
needs to be subtracted. The height of the remaining peak at the diode angle 20 is the 
contribution due to Cerenkov radiation. 
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The former method is rather laborious because the background signal cannot be described 
by a simple function. Another possible method is keeping the diode at a fixed angle and 
making an angular scan with the multilayer mirror. In this case, the diode is fixed at 
some angle 2() and radiation incident from the direction of the target onto the detection 
setup should result in a maximum photodiode signal at the corresponding mirror angle 
(). Figure 5.2 shows the photodiode signal due to background radiation in a measurement 
where the mirror angle is varied. The variation in background signal in this mirror scan is 
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Figure 5.2: Diode signal as function of mirror angle behind a silicon foil. The photodiode 
is covered with 11 µm aluminum foil. Therefore, no Cerenkov radiation that is refiected 
by the M o /B4 C mirror will reach the diode. The diode is fixed at an angle 2B = 60°. The 
repetition rate of the accelerator is !rep = 25 Hz. 

much smaller than for the photodiode scan. The photodiode signal due to high-energetic 
background radiation is expected to be constant in a mirror scan, because this radiation 
is not refiected by the multilayer mirror and the photodiode is kept at a fixed position. 
There is however, a small linear variation of the background signal with the mirror angle. 
This variation is of the order of 0 .1 m V per degree. \Vhen a Cerenkov radiation source is 
present, a Cerenkov signal peak will be superimposed onto the background signal at the 
mirror angle e. To derive the contribution of the Cerenkov radiation to the photodiode 
signal, the linear background in an angular mirror scan needs to be subtracted from the 
total signal. A schematic representation of this situation is shown in figure 5.3, and an 
actual measurement in figure 5.4. In the results which are presented in this chapter, we 
have chosen for the latter procedure to extract the Cerenkov contribution from the diode 
signal. The background signal in this mirror scan measurement is easier to determine and 
subtract. In this way, each measurement series in which the mirror angle is varied, results 
in a Cerenkov radiation contribution for one angle of incidence e. This angle is determined 
by the fixed position of the photodiode at an angle 20. 
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Figure 5.3: Effect of the Cerenkov contribution to the photodiode signal, superimposed on 
the linear background signal. 
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Figure 5.4: Photodiode signal for mirror angular scan (black line). The gray line repre
sents the background signal. The detection setup is placed at a viewing angle 8 = 5°, the 
photodiode is fixed at an angle of 28 = 20°. The accelerator repetition rate is frep = 25H z. 

5.2 Si L-edge radiation from a foil 

Si L-edge radiation has previously been measured with the experimental setup described 
in section 4.1. With this setup, Knulst [4] and van Kempen [16] have measured and an-
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alyzed Cerenkov radiation. However, in order to extend the analysis further, one aspect 
of the experimental setup was changed. The multilayer mirror that was used in the pre
vious measurements (that is the Si/Mo multilayer as described in section 4.4.2) has some 
disadvantages. The reflectivity drops suddenly for photon energies above 100 eV. This is 
due to the Si layers in the mirror in which absorption increases at the L-absorption edge. 
As a result, photons with energies above rvlOO eV will hardly be reflected at any angle of 
incidence and are difficult to detect. Another disadvantage of the Si/Mo multilayer mirror 
is the near normal angle of incidence for optimum reflection. The photons around 100 
e V will be reflected optimally for near normal incidence. Consequently, the diode angles 
for which a significant Cerenkov signal can be measured range from about 40° down to 
0°. However, for diode angles smaller than 20°, the diode is located in the path between 
the source of Cerenkov radiation and mirror and blocks part of the radiation that is to 
be measured. Because of these disadvantages, a Mo/B4C multilayer mirror with different 
reflecting properties was purchased and placed in the detection setup. 

The Mo/B4C mirror (as described in section 4.4.2) contains no Si and the maximum 
reflectivity shows no sudden drop as function of photon energy. The diode angles where a 
significant signal is expected now range from 40° and up. One disadvantage of this mirror is 
the lower maximum reflectivity compared to the Si/Mo mirror (rv30% compared to rv70%). 
In relation to the measurements by Knulst and van Kempen, this is partly compensated 
because another photodiode with a higher quantum efficiency is used now. The properties 
of this photodiode can be found in section 4.4.1. 

To analyze the properties of Cerenkov radiation from a foil, the measured contribution of 
Cerenkov radiation to the photodiode signal will be compared to the theoretica! calcula
tions for the photodiode signal. The calculations are based on the derived photon emission 
profile for Si L-edge radiation of a foil (section 2.1.3), the geometrical properties of the 
setup together with the reflectivity of the mirror and the quantum efficiency of the pho
todiode (section 4.4). The measurements and calculations for the photodiode signal are 
presented for different viewing angles 8 of the detection setup and different orientations 
of the multilayer mirror with respect to the incident radiation e. 

5.2.1 Mo/B4C multilayer mirror 

The results of the measurements of Cerenkov radiation with the Mo/B4C multilayer mirror 
are shown in figure 5.5. For several angles of incidence, determined by the orientation of 
the photodiode, a mirror scan was made. Correcting for the background signal in this scan 
results in a contribution from Cerenkov radiation to the photodiode signal. In this figure 
these measured signals for a range of angles of incidence are compared to the calculated 
diode signals from theory. It can be seen that the height of the measured signal is much 
lower (a factor of three to four) than the calculated one. The most obvious reason is that 
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Figure 5.5: Measured and calculated diode signals due to Cerenkov radiation for multiple 
angles of incidence. The detection setup is placed at an angle of 8 = 5° and contains the 
Mo/B4 C multilayer mirror. 

the difference is due to imperfections of the experimental equipment (accelerator, target, 
mirror, diode). Another main difference in this figure is the different position of the max
imum for the measurements and the calculations. The angle where the maximum occurs 
is mainly determined by the wavelength at which the highest intensity of Cerenkov radia
tion is produced. The maximum reflectivity of the mirror at different angles of incidence 
and the quantum efficiency of the photodiode do not depend much on wavelength. The 
maximum diode signal will therefore occur for that wavelength or angle of incidence where 
the largest number of photons is emitted. The fact that this maximum is measured at a 
larger mirror angle might indicate that the highest radiation intensity occurs for a shorter 
wavelength than expected. 

However, a closer look at these measurements reveals an inconsistency. This is related to 
the mirror angle at which the maximum in diode signal for each mirror scan is found. As 
is explained before, the Cerenkov radiation peak is expected to emerge at a mirror angle 
where the () - 2() condition for the detection setup is met. In figure 5.6, the measured 
mirror angle at maximum diode signal is plotted against the angle () ( where the maximum 
is expected to be). This angle () is half the diode angle 2() that was fixed before each 
angular mirror scan. The measured angles do not exhibit the () - 2() behavior, which is 
represented by the solid line in figure 5.6. In other words; although the diode was placed at 
different angles, the maximum signal was found each time at the same multilayer angle. An 
explanation for this behavior has not (yet) been found. In order to continue the analysis 
of Cerenkov radiation, the Mo/B4C multilayer mirror in the detection setup was replaced 
by a Si/Mo multilayer mirror. The results with the altered setup are presented in the next 
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Figure 5.6: Comparison of expected and measured Mo/B4 C multilayer mirror angles where 
the optimum in the angular diode scan is found. The solid line represents the expected 
relation. 

section. 

5.2.2 Si/Mo multilayer mirror 

At this stage a stepper motor was built in the detection setup to be able to rotate the 
multilayer mirror automatically and semi-continuous. Previously, the angular mirror scan 
was done by manually adjusting the mirror angle in between measurement of the photodi
ode signal. With the stepper motor installed, the mirror can be turned automatically and 
at an adjustable angular velocity. Two main advantages compared to the earlier situation 
are the increased efficiency and accuracy of the measurements. One angular scan can be 
completed in one run without interruptions and more data points can be gathered within 
one scan. 

With the Si/Mo multilayer in the setup, the first aspect that was checked was the e - 2() 

behavior. The comparison of expected angles for maximal diode signal and the actual 
measured angles are shown in figure 5. 7. It can be seen that the measurements agree with 
the e - 2() relation that is represented by the solid line in figure 5. 7. 

Similar measurements as with the Mo/B4C multilayer mirror have been performed with 
the altered detection setup. The maximum in diode signal in an angular mirror scan 
was determined to find the diode signal due to Cerenkov radiation for a certain angle of 
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Figure 5.7: Comparison of expected and measured Si/Mo multilayer mirror angles where 
the optimum in the angular diode scan is found. The solid line represents the e - 20-
condition. 

incidence. A complete measurement series for different angles of incidence is shown in 
figure 5.8. Here it can be seen that for angles of incidence greater than 25° the diode signal 
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Figure 5.8: Diode signal as function of angle of incidence on the Si/Mo multilayer mirror. 
The viewing angle 8 of the detection setup S' and the repetition rate of the accelerator is 
set to 25 Hz. The dashed line indicates an offset signal due to visible light. 
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remains constant at about 10 m V. At these angles of incidence, no Óerenkov radiation is 
reflected by the Si/Mo multilayer mirror (see figure 4.9). This offset is probably due to 
visible light that is also incident at the angle e onto the multilayer mirror. It is reasonable 
to assume that this contribution of visible light is constant for all angles of incidence. 
Therefore, from the data-points at angles e > 25° the contribution due to the visible light 
will be determined (the dashed line in figure 5.8). This contribution to the diode signal 
will be subtracted from all data points. In this way, only the contribution of Óerenkov 
radiation remains. 

Measurements of Óerenkov radiation at several angles of incidence are shown in figure 
5.9. In this figure, the results are shown for two viewing angles (8 = 5 and 10°) of the 
detection setup. It is clear that the shape of the experimental curves is similar to the 
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Figure 5.9: Comparison of measured and calculated photodiode signals, due to Si L-edge 
Cerenkov radiation from a foil. Two viewing angles 8 of the detection setup are presented: 
S' and 1 (f. The repetition rate of the accelerator is set to 25 Hz. 

expected, calculated curves based on theory. For both angles 8 = 5, 10° of the detection 
setup, the measured signal is about twice as low as the calculated signal. Taking into 
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account loss of radiation in the setup and imperfections of equipment can explain that 
the measured signal is lower than the calculated one. In contrast to the measurements 
(with the same Si/Mo multilayer mirror) by Knulst [4] and van Kempen [16] the ratio of 
measured to calculated curve is about constant now for the two different angles 8. In their 
measurements, the calculated signal was larger than the measured signal for the 8 = 10° 
case, but smaller for the 8 = 5° case. 

5.3 Si L-edge radiation from MCP 

Measurements with a MCP target are performed to compare its Cerenkov radiation yield 
to that of a foil. First considerations have indicated that the MCP yield can be higher (see 
the conclusions of the numerical calculations, section 3.3). To verify this, the diode signal 
resulting from Cerenkov radiation from a MCP is compared to that due to a single foil. 
Therefore, the angle of the detection setup and the angle of incidence on the multilayer 
mirror are chosen equal in the comparison between both targets. 

The micro channel plate (MCP) was placed as a target behind the accelerator. Measure
ments are performed with the detection setup angle 8 = 5°. This angle was chosen because 
the highest yield of a foil occurs at this angle. For the measurements, the diode signal was 
measured at 2() = 20° and at 2() = 60° (see figure 5.10). The difference between these mea
surements (the difference is taken to eliminate visible radiation, see figure 5.8), represents 
the contribution of Cerenkov radiation at an angle of incidence () = 10°. The measurements 
are performed for a range of angles of the MCP relative to the electron beam. An angle 
of 0° represents perpendicular incidence of the electron beam. In this case, the Si walls in 
the MCP are oriented parallel relative to the electron beam. The measurements and the 
orientation of the MCP are presented in figure 5.11. It is obvious that there is a dip in 
diode signal around a M CP angle of - 2. 5 °. The wid th of this dip is of the order of 5 °. The 
signal height outside the dip is more or less constant and equal to the signal height for a 
single foil. 

There could be an offset in the angular scale for the MCP angle in this measurement. To 
see whether the zero angle corresponds more or less to normal incidence of the electron 
beam, we look at the electron signal in the faraday cup during the measurements, see figure 
5.12a. The maximum signal in this curve is found at 0°. This indicates that the electrons 
pass the MCP at this angle while being scattered less than for other MCP angles. This 
only occurs when the MCP is perpendicular to the electron beam and the electrons can 
pass through the channels mainly unaffected. 

The measurements of the Cerenkov radiation however, show a decrease when the MCP 
structure is oriented at normal electron incidence. Two explanations for these observations 
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that less electrons are scattered. The viewing angle 8 of the detection setup is 5°. The 
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account for this behavior. Either the yield is proportional to the effective surface that the 
electrons are incident upon, or the detection setup is not placed at the proper viewing angle. 
This latter explanation is based on the observation that the overall radiation emission 
profile shifts towards smaller emission angles for grazing incidence. 
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Chapter 6 

Conclusions and recommendations 

The measurements of Si L-edge Cerenkov radiation from a silicon foil have not succeeded 
with the Mo/B4C multilayer mirror. Due to a (still) unknown cause, the detection setup 
containing this mirror did not comply to the e - 28 relation. Further research would be 
required to account for the behavior of this detection setup. Measurements with the Si/Mo 
multilayer mirror in the detection setup however, show high agreement to the expected re
sults from theory. The shape of the diode signal curve as function of the angle of incidence 
is very similar. The signal height however is a factor of two smaller than the calculated 
height. This discrepancy could be accounted for by imperfections and losses in the ex
perimental setup that were not incorporated in the calculations. In comparison to earlier 
measurements by Knulst [4] and van Kempen [16], the measurements now do not exceed 
the expected, calculated values. 

The measurements on Si L-edge Cerenkov radiation can be done more reliably, accurately 
and faster in the current configuration with the stepper motor installed to rotate the mul
tilayer mirror. However, the limited sensitivity of the different parts of the detection setup 
prevent us from measuring much smaller intensities than the ones presented in this report. 
An interesting challenge which can be investigated is the chemica! shift of absorption edges 
in materials such as Si3N4 and Si02 . Using these materials as target foils and comparing the 
diode signals to those of a silicon foil could give detailed information about this chemica! 
shift. 

Initial measurements of the photon yield from a MCP structure did not show the expected 
increase. A detailed analysis for the refraction of radiation at interfaces was performed 
to calculate the Cerenkov radiation emission profile from an interface at grazing incidence 
relative to the electron beam. It was shown that the transmission around the critica! angle 
for internal reflection is still reasonable for a complex medium. This means that part 
of the radiation, created by electrons moving parallel to an interface, is able to pass the 
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interface. The analysis of the angular photon distribution also showed that the emission 
profile becomes asymmetrie as a consequence and the angular yield in the upper half space 
increases. On the basis of these numerical calculations, the brightness (in s·sr·µZ:~~~;,Bw) 
will increase easily by a factor of two, because the solid angle (in sr) of emission decreases 
by more than a factor of two. The spot size of the source (in µm2

) at grazing incidence is 
taken as its vertical projection (which is equal to the spot size at normal incidence) because 
the radiation is emitted in a forward direction. 

Based on these calculations of grazing incidence, the yield for the MCP structure, with 
multiple interfaces at grazing incidence to the electron beam, is expected to be higher than 
for a single foil. The analysis showed also that the emission of this radiation shifts towards 
smaller emission angles. Therefore, it is essential to have the detection setup placed at the 
correct viewing angle. This has not been the case in the initial measurements with the 
MCP. Therefore, yield measurements for this structure need to be refined based on the 
calculated results for the photon emission profile. Also, other structures may be studied 
for an increase in radiation. When considering other structures, it is important to realize 
that a considerable part of the radiation is still transmitted upon incidence at the critica! 
angle for total internal reflection (for an absorbing medium). 

An effect that has not been studied in this report, but may play a significant role for 
electrons at grazing incidence is scattering of electrons. When radiation is generated, a 
(small) change in the momentum of the electron occurs. For grazing incidence, the length 
over which radiation is emitted is larger than for normal incidence. It may be important to 
check how fast the emittance ( due to scattering) of the electron beam grows in this case. 
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Appendix A 

Matlab model listing 

clear all; 
ï.close all; 

% reading input for index of refraction containing 500 entries 
data•csvread( •c: \Matlab65\vork\ior96117exp. csv'); 

ï. defining constants 
e • 1.6022E-19; c = 2.9979E8; h • 6.6261E-34; hbar = h/(2 • pil; 
beta'"" 9.9569E-1; 
gamma"'l/(sqrt(1-beta~2)); 

alpha • 0.007297352533; 
dphi • 1 • pi / 180; 
dl = lE-8; 
thetaC • 5 • pi / 180; 
dthetaC = 0.5 • pi / 180; 
points a 51; 
dws(data(SOO, 1)-data(l, 1) )•e/(hbar•499); 

% main program 
delta= O; 
data(: ,4) • 1 - data(: ,2); 
data(: ,5) = 1 - data(: ,2) - i • data(: ,3); 

for m "" 1 180 
delta • pi • ((m-1)/2) / 180; 
phi • O; 
yieldtotk=O; 
for k • 1 : 90 

phi = (k - 1) • pi/180; 
yield = O; 
yieldtot=O; 
t=O; 
for u = 1 : 500 

'l. data(: .1) energy E 
Y. data(: ,2) 1-n_R 
Y. data(: ,3) n_I 

Y. beta = v/c 
Y. relativity factor 
Y. finestructure constant 
Y. solid angle detector (in phi direction) + step size 
Y. step size for depth in foil 
Y. cerenkov detector-angle 
Y. solid angle detector/2 (in theta richting) 
Y. number of points for interpolation 

% delta= foil angle 
% data(: ,4) n_reeel • 1 - (1-n_R) 
% data(: ,5) n_imag = 1 - (1-n_R) - i * n_I 

r. foil angle delta > O \ NB del ta•90 is trouble 

Y. azimuth angle 

if data(u,4) * beta > 1 % condition: only yield for chi'>1/gamma-2 
data(u,6) • acos(l / (data(u,4) * beta)); % data(u,6) emission angle theta 
if data(u,6) < delta * cos(phi) % geometrie distinction theta </> delta 

data(u, 7) "" delta * cos(phi) - data(u,6); % data(u, 7) angle of incidence in interface frame theta_i' 
data(u,8) ~ real(asin(data(u,5) * sin(data(u,7)))); r. data(u,8) angle after refraction in interface frame theta_r' 
data(u,9) • delta * cos(phi) - data(u,8); Y. data(u,9) angle after refraction in e- beam frame theta_r 
data(u, 10) "" (cos (data(u, 7) )-data(u,5)*cos(data(u,8)) )/ (cos(data(u, 7) )+data(u,S)*cos (data(u,8))); 
data(u,11) "1 - abs(data(u,10)-2); % data(u,10) fresnel coefficient r(TM) 

else r. data(u,11) transmission 1-r~2 
data(u,7) • data(u,6) - delta* cos(phi); 
data(u,8) • real(asin(data(u,5) * sin(data(u, 7)) )) : 
data(u,9) .,. data(u,8) + delta * cos(phi); 
data(u, 10) "" (cos(data(u, 7) )-data(u,S)*cos(data(u,8)) )/ (cos(data(u, 7) )+data(u,S)•cos(data(u,8))); 
data(u,11) • 1 - abs(data(u,10)-2); 

end Y.of if data(u,6) < delta 
data(u,12) " (sin(data(u,6)))-2 * alpha / c; % data(u,12) d-2N/dwdl number of photons from dl in dw 
data(u,13) = data(u,12)•dphi/(2•pi); % data(u,13) dphi•d-2N/dwdl 
data(u,14) = 4*pi•data(u,3)*e*data(u,1)/(h•c); r. data(u,14) absorption-coefficient 
1 " dl/ (sin(data(u,6)) *tan(delta)*cos(phi)+cos(data(u ,6))); 
dyielddw = data(u, 13) •data(u, 11) •exp(-data(u, 14) *l); 
yielddw = dyielddw * dl; 
n•O; 
if dyielddw > O % make data array with yield > 0 datangle/dataenergy 
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while dyielddw / yielddw > 0.001 
n"' n + 1; 
z • dl * (n + 1); 
l " z/ (sin(data(u,6) )•tan(delta) •cos(phi)+cos (data(u,6))); 
dyielddw • data(u,13)•data(u,11)•exp(-data(u,14)•1); 
yielddw • yielddw + dyielddw * dl; 

end Y. of while 
t - t + 1; 
datangle(t,1) "data(u,9); 
datangle(t,2) • yielddw; 
dataenergy(t, 1) '"' data(u, 9); 
dataenergy(t,2) = data(u,1); 

else 
yielddw " 0; 

Y. datangle(t,1) emission angle in e beam. frame 
ï. datangle(t,2) photon yield in dw 
ï. dataenergy(t, 1) emission angle in e beam. frame 
ï. dataenergy(t,2) 

end Y. of if dyielddw>O 
ns(u) • n; ï. ns(u) number of iterations untill dyielddw/yielddw<0.001 

else 
yielddw•O; 

end Y. of if data(u,4) * beta > 
yieldtot"'yie ldt ot +yielddw•dw; 
%yieldtot•360 
end % of for u 
Y.plot(datangle(:, 1)•180/pi, datangle(: ,2), 'k. '); 
7.plot(data(: ,1) ,data(: ,11)); 
thet al •thetaC-dthetaC; 
theta2•thetaC+dthetaC; 
[D,J]•max(dataogle(: ,2)); 
forj•1:J 

Xplot (delta•180/pi,yieldtot); 
%display transmission profile as function of energy 

% J ,,. index belonging to maximum in array 

plot(datangle(j, 1)•180/pi ,datangle(j ,2), 'k. 1
); hold on; 

end 
if J > 1 % routine for integration to energy 

if theta1 < datangle (J, 1) 
[pp1 ,xx1, I, theta2c]•interpol(datangle, theta1, theta2,points); 
[pp2 ,xx2 ,P] = interpol (dataenergy, theta1, theta2c ,points); 
w1 " ppval(pp2,xx2(1)) * e / hbar; % frequency corresponding with thetaC-dthetaC 
w2 "' ppval(pp2,xx2(points)) * e / hbar; % frequency corresponding with thetaC+dthetaC 
centerphotonenergy "' hbar * (w1 + w2) / (2 * e); % average energy of photons on detector 
for j = 1 : points 

yield = yield + ppval(pp1,:x:x1(j)) * (w2 - w1) / points; 
end %of for j 
fill " 100 * (theta2c-theta1)/(2 * dthetaC); X how much of the detector detects photons? 

el se 

el se 
yield=O; 
fill=O; 
centerphotonenergy•O; 

end 

yield=O; 
fill"'O; 
centerphotonenergysO; 

end%ofifJ>1 
plot(phi•180/pi,yield, 'b. '); hold on; 
yieldtotk-yieldtotk+yieldtot; 

end ï.of for k 
yieldM(m,1) •delta* 180 /pi; 
yieldM(m,2) • yieldtotk•2 
Y.yieldM(m,3) • centerphotonenergy; 
7.yieldM(m,5) • fill; 
7.subplot(2, l, 1); 
%plot(xx1•180/pi,ppval(pp1,:x::x:1), 'm.'); hold on; 
%plot (data(:, 1) ,data(: ,4). •sin(data(: , 7)), 'k. '); 
%subplot (2, l, 2) ; 
plot(yieldM(m,1) ,yield.M(m,2), 'k.'); hold on; 
%hold on; 

end ï. of for m 
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Appendix B 

Technology assessment 

This research has been performed in the accelerator group of the Eindhoven University 
of Technology. The main goal of the research is to generate short-wavelength radiation 
with relativistic electrons in a compact (laboratory-sized) setup. Current sources with 
the highest brightness of soft x-ray radiation are synchrotron sources, but they are very 
massive. One of the projects here is concerned with the investigation of a compact soft 
x-ray source based on the Cerenkov effect. Cerenkov radiation in the soft x-ray region has 
special properties, such as a narrow bandwidth and a narrow angular emission profile. 

Recently, the performance of compact x-ray sources, such as laser produced plasmas and 
high harmonie generation with femtosecond laser pulses, has increased. The brightness of 
these sources has reached values for which imaging techniques have been demonstrated. 
The expected brightness of the soft x-ray Cerenkov source discussed in this report, is of the 
same order of magnitude as the above mentioned sources. Applications of this source lie 
therefore in soft x-ray microscopy for lines in the water window and laboratory lithography 
for the Si-Cerenkov emitter. 
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