
Silicon pore optics for high-energy optical systems
Girou, D.A.

Citation
Girou, D. A. (2022, June 14). Silicon pore optics for high-energy optical
systems. Casimir PhD Series. Retrieved from
https://hdl.handle.net/1887/3420652
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3420652
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3420652


4
DESIGN AND MODELING OF A LAUE

LENS FOR RADIATION THERAPY

WITH HARD X-RAY PHOTONS

We have designed and modeled a novel optical system composed of a Laue lens coupled to
an X-ray tube that produces a focused beam in an energy range near 100 keV (λ= 12.4 pi-
cometer). One application of this system is radiation therapy where it could enable treat-
ment units that are considerably simpler and lower in cost than present technologies re-
lying on linear accelerators. The Laue lens is made of Silicon Laue Components (SiLCs)
which exploit the Silicon Pore Optics (SPO) technology. The lens concentrates photons to
a small region thus allowing high dose rates at the focal area with very much lower dose
rates at the skin and superficial regions. Monte Carlo simulations with Geant4 indicate a
dose deposition rate of 0.2 Gy/min in a cylindrical volume of 0.7 mm diameter and 10 mm
length, and a dose ratio of 72 at the surface (skin) compared to the focus placed 10 cm
within a water phantom. Work is ongoing to newer generation crystal technologies to in-
crease dose rate.

Parts of this chapter have been published in Physics in Medicine & Biology 66, (2021) 245007 [1].
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4.1 Introduction

Radiation therapy plays an essential role in the treatment of cancer, with more than 60%
of patients receiving radiation therapy, mainly in the form of high-energy photons (2-20
MeV), in the course of their disease management [2]. Such high-energy photons present
many challenges due to their penetrating power and the ionisation damage they cause to
healthy, as well as diseased, tissue [3]. The technology used in radiation therapy for can-
cer treatment can be used to exquisitely shape the radiation dose around a tumour inside
a patient with a precision that is an order-of-magnitude better than twenty years ago.
However, some tumors are still not curable. New approaches are being explored such as
using radiation in combination with targeted agents such as immune-modulating drugs
[4]. While radiation therapy as a single-agent for cancer treatment may have reached the
limits of its achievements, this modality is likely to be needed in the long term. As such,
technology development efforts are well-justified [5].

Radiotherapy uses ionizing radiation to damage the DNA of cancerous tissue caus-
ing cellular death and slowing cell growth. In external beam therapy the radiation beam
enters the patient on the surface, delivering a superficial dose DS . Beneath the surface,
the dose first rises rapidly with depth, reaching a maximum value at a depth dmax , and
then decreases almost exponentially until it reaches an exit dose value at the patient’s
exit point[6]. The relatively low surface dose for high-energy photon beams (referred to
as the skin-sparing effect) is of great importance in radiotherapy to treat deep-seated le-
sions without undue toxicity to the skin and superficial tissues. The tumor dose can be
concentrated at deep depths in the patient while delivering a relatively low dose to the
skin and other normal tissues at superficial depths which are not involved in the disease.
The dose region between the surface and the depth of dose maximum dmax is called the
dose buildup region and represents the region in the patient in which the dose deposi-
tion rises with depth as a result of the range of secondary electrons released in tissue by
photon interactions with the atoms of tissue. It is these secondary electrons released by
photons that deposit energy in tissue (indirect ionization). The greater the photon en-
ergy, the more extensive the range of secondary electrons and, consequently, the larger
the depth of dose maximum. These considerations have led to the almost exclusive use
of MeV photon beams for radiotherapy.

However, the ability to deliver therapeutic treatments with low-energy radiation (<
200 keV) would be attractive for several reasons. First, one could envision more cost-
effective treatment units compared to the linear accelerator technologies currently re-
quired to create a high-fluence beam of tens of MeV energy. More reliable, cost-effective
solutions are especially attractive as cancer therapy needs expand in low- and middle-
income countries which in some cases lack even a single treatment facility due to tech-
nology and cost barriers [2].

Therapy beams at low energies may also be attractive in their ability to achieve in-
creased sensitivity when used in combination with high-Z nanoparticles. Recent high-
profile studies have shown that tumor cell survival is significantly reduced by combining
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X-ray irradiation with gold nanoparticles [7]. This reduction is due to dose enhancement
in or near the cell, which results from photoelectric effects in the high-Z nanoparticle [8].
A large dose enhancement factor (66%) was observed for low energy X-rays (< 200 keV).
However, as described in the previous paragraph, it is not currently possible to deliver
low-energy irradiation in the clinical setting without unacceptable toxicity to the skin
and normal tissue. Medical physicists have therefore altered their approach [9] and are
now considering gold nanoparticles in combination with the high-energy beams which
are routinely used in the clinic (mean energy ∼2 MeV). However, at these energies the
photoelectric interactions are orders of magnitude lower [8] and therefore have a dose
enhancement of only 10-20% [7]. In summary, low-energy radiation (< 200 keV) com-
bined with high-Z nanoparticles would be extremely effective against tumor cells. How-
ever, it is not currently possible to deliver low-energy radiation to deep-seated tumors in
a patient.

In this chapter, we report a possible solution to create a converging beam, which
spares the skin by spreading the dose over a large area. This is similar to the concept
reported by Breitkreutz et al. [10] and references therein but instead of using a mechan-
ical system with multiple sources and collimation, the present study uses an X-ray lens
system. This is also different from polycapillary optics which work at lower energy and
can thus not be used for deep seated tumors [11]. This is an update of work from our
group presented by Wade et al. [12] where we investigated lens designs and assembly
techniques. In the current chapter, we first describe how silicon pore optics (SPO) tech-
nology can be used to create self-focusing Laue lens elements, the so-called Silicon Laue
Components (SiLCs). Then, we detail the method used to design such SiLCs, includ-
ing the in-house Monte-Carlo SiLC Simulation Code (SSC) we developed to simulate
diffraction in SiLCs. Finally, we present the optimized lens design and show that this
lens can provide an unprecedented ratio of dose at the surface (skin) compared to its
focus, based on Geant4[13–15] simulations. Note that while obtaining different results
(see Section 4.4.3), the effort and methods detailed in this chapter can be compared to
the work of Paternò[16] and Camattari [17].

4.2 Silicon Laue components

A Laue lens is a concentrator that uses Bragg diffraction in the volume of symmetrically
cut crystals (referred to as Laue geometry). Laue lenses are an emerging technology
based on crystal diffraction that enables soft gamma-ray focusing. Laue lenses have the
potential to overcome the limitations imposed by the depth dose distribution, thereby
enabling the clinical use of low-energy photon beams for radiotherapy. In high-energy
astrophysics, there have been significant efforts devoted to the development of a focus-
ing gamma-ray technology [18–24].

Diffraction lenses use the interference between the periodic nature of the electro-
magnetic radiation and a periodic structure such as the matter in a crystal. In order to
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be diffracted, an incoming gamma-ray must satisfy the Bragg condition:

2dhkl sinθ = n
hc

E
(4.1)

where dhkl (in Å) is the spacing of the lattice planes (hkl), n is the diffraction order, h is
the Planck constant, c is the speed of light, and E is the energy of the gamma-ray photon.

In the transmission configuration, a Laue lens is made of many individual crystals
that are arranged so that they will all diffract the incident radiation onto a common fo-
cal spot. For a given set of planes and order of reflection, the Bragg condition is only
met for a single energy. Mosaic crystals or curved crystals can be used to increase the
bandpass. Mosaic crystals can be modeled as an assembly of perfect microscopic crys-
tals (crystallites) whose lattice planes are slightly misaligned with each other around a
mean direction, following a normal distribution[25]. Similarly, curved crystals have an
angular dispersion of the lattice planes and a larger energy passband than perfect crys-
tals. Though the downside is mosaic defocusing, i.e. the fact that the energy bandpass
comes from a range of angular crystal plane orientation, but also results in a range of
directions for the diffracted rays as a function of their wavelength. Curved crystals can
be obtained in various ways, including the elastic bending of a perfect crystal[26] (the
technique commonly used in synchrotron radiation facilities), or the growing of a two-
component crystal[27, 28] whose composition varies along the crystal growth axis, or the
indentation of one face of a wafer[29].

The diffracted flux from a continuum source increases with increasing mosaicity of
mosaic crystals or the total bending angle of curved crystals[25]. For a Laue-lens tele-
scope, crystals with mosaicities or total bending angles ranging from a few tens of arc-
seconds to a few arcminutes are relevant. The bandwidth of a lens for an on-axis source is
determined by the mosaicity or total bending angle of the individual crystals and by the
accuracy of the alignment of the single crystals. The rectangular diffraction profiles of
curved crystals produce more effective flux concentration than the Gaussian profiles of
mosaic crystals [30]. Curved crystals have higher peak diffraction efficiency (100% max.)
than mosaic crystals (50% max.) due to the absence of extinction effects[31]. However,
Laue lenses constructed from either mosaic or curved crystals have several limitations.
For instance, the smallest spot size that can be achieved is given by the size of the small-
est crystal element in the lens. Also, the individual components of the lens are not fo-
cusing elements themselves. Furthermore, the assembly of the lens relies heavily on the
accurate placing of many hundreds (or thousands) of crystal elements, which is chal-
lenging.

Laue-lens technology has been slowly developing for several decades[12, 21, 22, 32]
and recently took a new turn with Silicon Laue Components (SiLCs)[33] based on sil-
icon pore optics technology. Silicon pore optics (SPO) are a new type of X-ray optics
designed to enable future space-borne X-ray observatories such as Athena [34]. Since X-
rays from celestial sources do not penetrate Earth’s atmosphere, X-ray telescopes must
be in space. SPO are being developed by the European Space Agency (ESA) in collabora-
tion with academic and industrial partners [35, 36]. These high-performance, modular,
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lightweight yet stiff, high-resolution X-ray optics shall allow space telescopes to reach
an unprecedentedly large effective area of a few square meters, operating in the 0.2 to
12 keV band with an angular resolution aiming at being better than 5 arcseconds. To
this end, custom-made assembly tools and processes have been developed to build SPO
using direct silicon bonding[37, 38]. Because each SPO plate is a single side ribbed rect-
angular silicon substrate, stacking them results in a pore-like structure. X-ray photons
enter these pores at low grazing angles, are reflected on the top side of each plate inside
the pores, and exit the optics at the opposite end.

SPO technology can also be used to fabricate soft gamma-ray Laue lenses if Bragg
diffraction through the bulk silicon is exploited, rather than grazing incidence reflec-
tion. A SiLC-based Laue lens can focus photons in the range ∼80 keV to ∼300 keV, and
present several advantages over alternative Laue lens concepts. SiLCs are made of stacks
of curved, polished, wedged silicon plates, and contrary to SPO, the individual plates are
not ribbed. Each element is bent in two dimensions, with a meridional and a sagittal cur-
vature. The direction of sagittal curvature is perpendicular to the optical axis, ensuring
the normal vector to the plate’s surface always points at the optical axis, which allows for
X-rays to be reflected to a common focus. Therefore the sagittal curvature of each plate
is part of a circle centered on the optical axis. The meridional curvature is in a plane
that encompasses the optical axis. In the case of SPO, where the source is at infinity, all
the incident rays are parallel, and the meridional curvature will create a variation of the
angle of incidence onto each plate as a function of the position along the optical axis.
For SiLCs, the meridional curvature creates an angular bandpass or angular width for
each crystal, similar to mosaicity. When the source is not at infinity, even a plate which
does not have any meridional curvature is seen by the source as a range of angles: this is
simply the angle subtended by the plate. Meridional curvature can be designed to match
with this angle such that the rays diffracted at any point along the axis will be focused to
a common point. This will also lead to a nearly monochromatic bandpass for each given
plate. The sagittal and meridional curvatures lead to significantly improved focusing,
which reduces the size of the point spread function (PSF) of the lens compared to un-
bent diffracting crystals. Indeed the size of the focal spot is no longer determined by the
size of the individual single crystals but by the accuracy of the applied curvatures. This
property leads to considerably higher signal to noise ratios than what is achievable with a
conventional Laue lens design made of mosaic crystal tiles. Another distinct advantage
is the reproducible quality of the materials which are compatible with large-scale pro-
duction. The SiLCs are made of diced silicon wafers, which are commercially available
with well-defined quality (i.e. purity, surface roughness and total thickness variations).
An illustration of a SiLC is shown in Figure 4.1.

Since the plates composing SiLCs are bent following arcs of circles, SiLCs can be used
to populate concentric rings, whose center defines the optical axis. An example of this
is shown in Figure 4.2 where a full lens is displayed in the plane perpendicular to the
optical axis. The optical axis runs through the center of the lens. Each SiLC has an inner
and outer radius, which are related by the number of plates and their thickness. Multiple
rings of SiLCs are present in this example.
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Figure 4.1: Illustration of a SiLC. The lines represent photons trajectories going from left to right. The green
part represents the wedge (not to scale).

Figure 4.2: Example of a full lens consisting of multiple SiLCs in the y-z plane (plane perpendicular to the
optical axis). The optical axis (x-axis) runs through the center of the lens.

4.3 Lens design method

4.3.1 System parameters

It is useful to describe the geometry of the system in terms of the distance d between the
source and lens, the distance f between the lens and focus, and the distance r of a plate
to the optical axis. These distances are schematically shown in Figure 4.3.

For fixed values of d , f , and r , the angle a plate makes with respect to the optical axis
is fixed. Assuming the crystal planes are in the same plane as the plate surface, then dhkl

is known and the Bragg angle θBragg can be determined by Equation 4.2 and can be used
to calculate the energy reflected at the center of the plate by using Equation 4.1.
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Figure 4.3: Schematic of the side view geometry of the system. It shows the three relevant distances d , f and r
and how they translate to the angle a plate makes with the optical axis. Note that the meridional curvature of a
plate is represented here as well.

θBragg =
π−arctan

(
d

r

)
−arctan

(
f

r

)
2

(4.2)

However, as plates are stacked on top of each other, the center of each plate will be
at a different distance r from the optical axis and, therefore, also makes a different angle
with the optical axis. Therefore each plate is given a wedge so that the plate on top of
it also has the desired orientation. We thereby define two new system parameters, the
initial angle or the angle the bottom plate of a SiLC makes with the optical axis, and the
wedge or the average wedge required to get all other plates in the right orientation.

The center of each plate in the SiLC will reflect a different energy, thus contributing to
the energy bandpass of the lens. Additionally, each plate also has a bandpass determined
by the Bragg angle corresponding to the front and the back of the plate (as seen from the
source). This bandpass can be controlled by the length of the plate and its meridional
curvature, which is the difference in orientation of the crystal planes between the front
and the back of a plate. The method of determining the optimal plate length and merid-
ional curvature is described in Section 4.4.

4.3.2 System constraints

In the lens design presented in this chapter, three different system constraints are be-
ing considered: the minimal radius, the minimal convergence angle, and the minimal
energy. First, there is a physical limit to the elastic bending of silicon plates. If a cer-
tain curvature threshold is crossed, the plates will break. The bonding energy needs to
be strong enough to counteract the spring force from the bent plates. For these rea-
sons, a limit must be set on the radius r of the inner-most plate. Second, two factors
of significant influence on the dose delivered to the skin are the convergence angle of
the reflected X-rays and the energy of these X-rays. The convergence angle is defined as
the angle between the diffracted rays and the optical axis. Finally, as the diffracted en-
ergy decreases with increasing r , the constraint of a minimal reflected energy Emin can
be translated to a maximum allowable radius rmax of a plate by solving Equation 4.2 for r .
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The constraints on the minimum radius, maximum radius, and convergence angle
are shown graphically in Figure 4.4, for a fixed source to focus distance d + f = 4 m, as
the horizontal line, curved line, and tilted line, respectively. All plates of the SiLC must
then fall within the area highlighted in blue.

Figure 4.4: Schematic representation of the system constraints. The minimum radius (horizontal line), min-
imum convergence angle (tilted line), and radius of minimum reflected energy (curved line) constrain the
plates in a SiLC to all fall within the blue area.

4.3.3 Dimensions and shape of the focus

It is essential to distinguish between the desired focal spot of the combination of all
plates and the focal spot of a single plate. The initial angle and wedge of the plates will
determine the position of the general focal spot, while the meridional curvature of a
plate determines the position of its meridional focus. These two do not have to be in the
same position in space. Moreover, as tumors are three-dimensional objects, it is crucial
to consider the focal spot in three dimensions. Therefore, it is chosen to take a value of
the meridional curvature that focuses the X-rays before the desired focus. This choice
creates the desired effect of extending the focus in the optical axis direction while si-
multaneously slightly increasing the meridional curvature, thus increasing the diffracted
flux. From this geometry, we can define a value for the angular width as the difference
between the angle the left and right side of the plate (as displayed in Figure 4.3). This ap-
proach leads to a relation between the meridional curvature and the plate length based
on geometric considerations and not based on optimizing the reflectivity.

In this chapter, it is chosen to find an optimized combination of angular width and
plate length numerically for a given configuration. For application in radiation therapy,
it is deemed more useful to deliver the maximum dose to the focal point rather than
increasing the reflectivity and thereby also increasing the dose delivered to unwanted
areas. Contrary to the sketch in Figure 4.3, the rays do not stop at the focus, but rather
keep going. The focus is thus 3-dimensional, defined by the volume of highest dose de-
position.
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4.3.4 Energy versus convergence angle

In our system, there is a trade off between energy diffracted and convergence angle. In-
deed, convergence angle can be increased by either increasing the sagittal radius r of
the plates, or by bringing the lens closer to the focus (decreasing f ). In both cases, the
deflection angle increases which results in lower diffracted energy. It is possible to com-
pensate these effects and increase the energy diffracted by using higher diffraction or-
ders, but this comes at the expense of diffracted flux as the reflectivity rapidly decreases
with higher order diffractions. Ultimately, the focus-to-skin dose ratio is the parame-
ter that we want to maximize. So we investigate the effect of energy and convergence
angle to this parameter to guide the lens design. We used Geant4 to simulate the dose
distribution of a beam of mono-energetic X-rays converging to a focal point of 1 mm
in diameter placed 10 cm deep within a water phantom, originating from an annulus
with 8 and 9 cm inner and outer radius, respectively. The annulus was placed at various
distances between 1 m and 3 m from the focus, thereby varying the convergence angle.
The energy of the X-rays was varied between 100 keV and 300 keV. From this simulation,
we extracted the focus-to-skin dose ratio. The results are shown in Table 4.1, here the
lengths have been converted to the corresponding convergence angle.

Table 4.1: Focus-to-skin dose ratio for combinations of X-ray energy and convergence angle.

100 keV 150 keV 200 keV 250 keV 300 keV
4.85◦ 12.6 16.1 17.4 20.2 21.0
3.24◦ - 8.8 - 10.7 -
2.43◦ 5.1 5.9 6.9 7.7 8.2
1.95◦ - 4.8 - 6.1 -
1.62◦ 3.3 3.8 4.6 5.1 5.5

The results show that increasing the energy from 100 keV to 300 keV hardly doubles
the focus-to-skin dose ratio, while increasing the convergence angle from about 1.6◦ to
about 4.9◦ almost quadruples this ratio. We conclude that a larger convergence angle
should be favored over a large energy, given that it is not possible to have both due to the
constraining relation between diffraction angle and energy.

4.3.5 Diffraction orders

Lower diffraction orders result in higher reflectivity, but correspond to a smaller Bragg
angle, resulting in a reduced convergence angle. Therefore, the choice of what diffraction
order to use becomes a trade-off between reflectivity and convergence angle. As seen in
the previous section, a larger convergence delivers higher focus-to-skin dose ratio and
should be favored for radiotherapy. Therefore this problem can be dealt with using a
simple rule of thumb: maximize the convergence angle using the lowest diffraction order
possible.
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4.3.6 SiLC reflectivity and spectrum

Assuming the X-ray source to be a point source, the energy diffracted at each point in
a plate can be calculated. Figure 4.5 shows a meridional cut through a SiLC made of
100 plates of 170 µm thickness, and each point is colored based on the energy it diffracts.

Figure 4.5: Figure of the reflected energy at each point in the SiLC. Each plate has its own bandpass. The
average energy diffracted at each plate changes due to the different angle the plate makes with the optical axis
and the different radius of each plate.

An approximation of the reflected spectrum of this SiLC can be calculated, assuming
most photons enter the SiLC through the side facing the source, rather than through the
bottom side facing the optical axis. For this, it is assumed that the incoming spectrum is
uniform with an intensity of 1 and that the contribution of each plate to the SiLC spec-
trum is uniform within its bandpass. Then, within the spectrum, each plate contributes
only within the boundaries of its bandpass, and its contribution equals its reflectivity di-
vided by the number of plates in the SiLC. Notice that for the situation where each plate
would have an identical bandpass and reflectivity, the spectrum would be uniform with
a value of the plate’s reflectivity and the plate bandpass width. Figure 4.5 shows that only
a few plates will be able to diffract a given X-ray energy. Therefore, if an X-ray of this
energy hits the SiLC anywhere, it only has a probability of being diffracted when it hits
a plate in which it can diffract. We then define the effective reflectivity as the reflectivity
divided by the number of plates in the SiLC. For example, if all plates diffracting a spe-
cific X-ray energy have an average reflectivity of 0.2, and 10 out of 100 plates can diffract
this energy, then the effective reflectivity for this energy will be 0.02.

4.3.7 SiLC Simulation Code (SSC)

The properties of the design must be well understood to optimize the design for a SiLC
lens. To this end, an in-house Monte-Carlo ray trace code named SSC was developed to
simulate the output of a given design when illuminated by a source characterized by its
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spectrum (e.g., tungsten anode X-ray tube, flat continuum, monochromatic) and spatial
extent (e.g. point source, extended disc). The code was validated step by step, starting
from the simplest geometry for which analytical calculation is trivial (single flat plate,
point source with flat continuum spectrum). The results were then validated for each
added level of complexity: plate with curvature, stack of plates, stack of plates with cur-
vature, and finally stack of plates separated by thin wedge. In a lens design, the point
spread function (PSF) is affected by many parameters, including the dimensions of the
individual plates, the number of plates in a stack, Miller index of diffracting planes, and
the radii of meridional curvature. The SSC uses ray-tracing and diffraction physics to fa-
cilitate the study and optimization of different lens designs. The code is used to test the
spectral and spatial properties of the PSF produced by a lens design when illuminated by
a given source. The code generates photons with randomized origins (for an extended
source), directions, and energies based on distributions defined by a particular source
such as an X-ray generator for simulating testing conditions. Ray-tracing is used to cal-
culate which plates a given photon interacts with and the entrance and exit points of
the photon for each of those plates. Since the plates are bent in two directions (sagit-
tal and meridional), the normal of the diffracting plane changes along a photon’s path
through a plate. This change complicates the calculations estimating the probability of
different interactions the photon may have (transmission, diffraction, or absorption). To
calculate the probability of these interactions, the model for distorted crystals described
by Malgrange[39] is used. If diffraction occurs, a new photon is generated, and its path
through the lens is measured to test for multiple reflections. When photons are first gen-
erated, they are given an intensity of 1. As reflections occur, the intensity is appropriately
decreased. Put another way, the code calculates the possible positions where an incom-
ing photon can undergo diffraction and the subsequent direction of travel. The intensity
values assigned to a photon reflect the probability of it exiting the lens in that particular
state (coordinate of diffraction and direction of travel). After all photons (transmitted
and reflected) have exited the lens, an absorption correction is applied corresponding to
each photon’s path length through the lens and the photons’ energy.

4.4 Optimized lens design

This section describes the parameters and performance of the optimized Laue-lens sys-
tem. It makes choices on system parameters described in Section 4.3.

4.4.1 Decisions on the system parameters

Before a design can be optimized, some parameters and limits of the system need to
be fixed. These are the total system length, the focal point depth, the minimum radius,
the minimal X-ray energy and the source size. A total system length of 4 m has been
chosen. This length of the system is larger than most existing systems but should be
practical at least for prototype designs, and allows the use of the relatively efficient 400
diffraction order. To get a small enough focal point, a focal point depth of 5 mm has been
chosen. A minimum sagittal radius of 50 mm is considered, which is considered as real-



4

56 4. LAUE LENS FOR RADIATION THERAPY WITH HARD X-RAY PHOTONS

istically achievable. A minimal X-ray energy of 100 keV is chosen, as going lower would
result in rapidly increasing photo-electric absorption in silicon. The data shown in Sec-
tion 4.3.4 shows that 100 keV X-rays could result in a better focus/skin dose ratio than
300 keV, as the lower energy X-rays come in at larger angles. Furthermore, the decision
has been made to look for a middle ground between reflected intensity and convergence
angle. Finally, the optimization process was performed for a source size of 2 mm, which
is deemed realistic for high-intensity X-ray tubes.

4.4.2 Optimization process

The highest achievable reflected intensity for different diffraction orders as a function of
d is shown in Figure 4.6. For each value of d , the intensity is shown for the optimal com-
bination of plate length and meridional curvature. A small increase in the total reflected
intensity is seen when moving the lens away from the symmetric point (d = 2000 mm)
and closer to the focal point. There, the increase in meridional curvature compensates
the lower X-ray flux hitting the lens with higher reflected intensity due to an increase in
the bandpass of the plates. It is clear that the most critical factor in determining the to-
tal reflected intensity is the used diffraction order. It is chosen to only use the first four
diffraction orders satisfying our criteria presented in Figure 4.4 (400, 422, 440 and 444).
The next diffraction order, 800, would increase the total diffracted flux only by a few per-
cent given that its effective reflectivity is an order of magnitude lower than that of 400. It
is thereby decided that it is not worth pursuing this option.

Figure 4.6: Reflected intensity curves of different diffraction orders for a total system length of 4 m and a mini-
mal reflected energy of 100 keV.

Lastly, a decision needs to be made on the position of the lens and the thickness of
the SiLC. Planarity and surface roughness usually degrade as silicon wafers thickness be-
comes smaller. Besides, we want to minimize the number of plates per SiLC.Therefore
we chose the maximum thickness allowing the bending and bonding of plates. The plate
thickness is fixed to 170 microns based on previous studies[40], and the number of plates
determines the thickness of the SiLC. It has been shown in Section 4.3.4 that the conver-
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gence angle is of great importance for the focus/skin dose ratio. The convergence angle
can be maximized by placing the lens as close to the focus as possible. Figure 4.6 shows
that using the 400 diffraction order, the closest the lens can be placed to the source is as
d = 3000 mm.

Figure 4.7 shows for each value of d what range of r would be occupied by a SiLC of
the four chosen diffraction orders. It shows intuitively that a significant gain in conver-
gence angle can be attained by placing the lens at d = 3000 mm, therefore this position
is adopted in the lens design. It must be ensured that the SiLCs do not overlap radially
at this position, which results in the choice of 100, 85, 70, and 120 plates for the 400, 422,
440, and 444 diffraction order, respectively. These choices result in the lens design of
which all parameters are listed in Table 4.2.

Figure 4.7: Range of r at which the SiLCs of the lens design are located as a function of d . The colored areas
denote the allowed positions of each SiLC within the system constraints.

Table 4.2: The parameters of the final lens design used in Monte Carlo method and Geant4 simulations. All
rings are made of silicon plates 170-micron thick and 60-mm wide.

Ring 1 Ring 2 Ring 3 Ring 4
hkl 400 422 440 444

Inner radius (mm) 51.6 69.6 85.3 98.8
Number of plates 100 85 70 120
Plate length (mm) 23.5 25.0 24.5 25.0

Initial angle (◦) 0.98 1.33 1.62 1.88
Wedge (arcsec) 11.63 11.59 11.55 11.49

Angular width (arcmin) 2.75 3.76 4.41 5.70

4.4.3 Performance

The performance of the lens system has been assessed using first SSC simulations and
then Geant4 for dose calculations. These simulations were performed for a X-ray tube
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source operating at 200 kV with a source diameter of 2 mm calculated with SpekCalc
software[41–43]. The resulting reflected spectrum is shown in Figure 4.8. It shows that
the lens diffracts X-rays between 100 keV and 135 keV. The peak intensity is around
100 keV, as the design imposes that all SiLCs reflect here. Around 115 keV and 122 keV,
two large steps in the reflected intensity are observed. These large steps are caused by
some SiLCs having a smaller bandpass than others, so at these energies some SiLCs in
the lens stop contributing the diffracted spectrum. Also, the peak of the bremsstrahlung
in the source spectrum is around 85 keV. The diffracted spectrum of Figure 4.8 lies close
to this peak. An X-ray tube operating at a slightly higher voltage could be used as a small
optimization.

95 100 105 110 115 120 125 130 135 140
E (keV)

0.000

0.002

0.004

0.006

0.008

0.010

0.012

N(
ke
V 
cm

2  m
As

)−
1

Row 1
Row 2
Row 3
Row 4
Total

Figure 4.8: The spectrum reflected by the lens design using a 200 kVp X-ray tube source. This spectrum is
generated by Monte Carlo method simulations.

To account for attenuation and estimate the dose deposition rate of this system, we
performed Geant4 simulations with Monte Carlo data. A phase space file produced by
the lens code is imported in Geant4 with positions, directions, energy, and intensity co-
efficient of each photon diffracted by the lens. SSC simulations have been performed
using an X-ray source with a diameter of 2 mm. The X-ray profile 10 cm before the focal
point is shown in Figure 4.9. The X-rays coming from each SiLC can still be separated
very well.

Figure 4.10 shows the X-ray profile at the focal point. It shows how the X-ray flux in-
tensity is approximately 100 times higher than 10 cm before the focal point.

Figure 4.11 displays a cross-section of the dose deposition in a water phantom, as-
suming the lens is used with a 3 kW X-ray tube operated at 200 kV (15 mA). The focus
is 10 cm deep into the water phantom. It clearly shows a much higher dose rate at the
focal point (depth = 100 mm) than at the skin (depth = 0 mm). Note that the dose here
refers to the absorbed dose that is the energy deposited per unit mass. The focal spot is
cylinder shaped, with a diameter of 0.7 mm and a length of 10 mm.
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Figure 4.9: X-ray profile 10 cm before the focal point (i.e. at the "skin") for a simulated source diameter of
2 mm.

Figure 4.10: X-ray profile at the focal point for a simulated source diameter of 2 mm.
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Figure 4.11: Cross section of the dose rate deposition in a water phantom. The optimized lens design was used
together with a 2 mm source diameter. This data was generated using Geant4 fed with the output of the python
ray-trace code.
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Figure 4.12 shows the maximum dose rate delivered as a function of depth into the
water phantom. The dose rate at the focal point is 72 times higher than the dose rate at
the skin. Using a 3 kW X-ray tube, a dose rate of approximately 0.2 Gy min−1 is achieved
at the focus.

0 20 40 60 80 100 120 140 160

Depth (mm)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

M
ax

im
um

 d
os

e 
ra

te
 (

G
y/

m
in

)

Figure 4.12: Maximum dose rate delivered as a function of depth into a water phantom. The optimized lens
design was used together with a 2 mm source diameter. This data was generated using Geant4 fed with the
output of the python ray-trace code.

The dose rate we obtain here is ∼ 50 lower than in the study of a Laue lens for ra-
diation therapy published by Paternò et al. [16]. This study is complemented by the
paper from Camattari [17], which gives details on the treatment of diffraction in crystals
that is used to produce this estimated dose rate. The fact that their study is based on a
somewhat different Laue lens can not explain the dose rate difference. We concluded
after much efforts that their higher dose rate is likely due to an erroneous treatment of
diffraction in crystals when the source is placed at finite distance, which was confirmed
by the authors [private communication].

4.5 Conclusions and future work

We designed and studied a Laue lens that can focus radiation in a cylindrical volume of
0.7 mm diameter and 10 mm length when coupled to an X-ray tube with a source size
of 2 mm diameter. A dose rate of 0.2 Gy/min can be achieved at the focus placed 10 cm
within a water phantom considering a 15 mA anode current set to 200 kV. This dose rate
is 72 times more than the dose rate at the entrance of the volume. Thus this system can
produce a very high focus-to-skin ratio with a small, sharp focus and relatively low dose
rate. It should be noted that we studied here an ideal case and that errors in positioning
and alignment will affect the performance of an actual system. A sensitivity study will be
performed at a later stage.

Several hurdles need to be overcome before this could be translated into a meaning-
ful clinical device. The first is the dose rate. Since a typical radiation therapy treatment
requires a dose of approximately 2 to 10 Gy to the tumor in a single fraction, at the dose
rates simulated here the treatment time is 10 to 50 minutes. While this is not unreason-
able the irradiated volume is a small 0.7×10 mm cylinder whereas typical target volumes
might require a 10×10×10 cm3 volume. At the current dose rate the time would be pro-
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hibitively long if the spot were scanned over this volume, and the skin sparing effect
would be reduced. However, the technology is attractive since such a device could be
a cost-effective option for treatment tumors particularly where sharp gradients in dose
distribution is needed. Given the dose rate and geometry constraints this might be bet-
ter suited to smaller target regions < 10 cm deep in tissue.
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