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Abstract
A new type of transmissive pixel detector has been de-

veloped for synchrotron radiation diagnostics at Diamond
Light Source. A thin single-crystal CVD diamond plate is
used as the detector material, and a pulsed-laser technique
has been used to write conductive graphitic electrodes inside
the diamond plate. Instead of using traditional electrodes
formed from a layer of surface metallisation, the graphitic
electrodes are buried under the surface of the diamond and
result in an all-carbon imaging detector. Within the instru-
ment’s transmissive aperture there are no surface structures
that could be damaged by exposure to radiation beams, and
no surface metallization that could introduce unwanted ab-
sorption edges. The instrument has successfully been used
to image the X-ray beam profile and measure the beam posi-
tion to sub-micron accuracy at 100 FPS at Diamond Light
Source. A novel modulation lock-in technique is used to
read out all pixels simultaneously. Presented in this work
are measurements of the detector’s beam position resolu-
tion and intensity resolution. Initial measurements of the
instrument’s spread-function are also presented. Numerical
simulations are used to identify potential improvements to
the electrode geometry to improve the spatial resolution of
similar future detectors. The instrument has applications in
both synchrotron radiation instrumentation, where real-time
monitoring of the beam profile is useful for beam diagnostics
and fault-finding, and particle tracking at colliders, where the
electrode geometries that buried graphitic tracks can provide
increased the charge collection efficiency of the detector.

INTRODUCTION
Synchrotron light sources are particle accelerators which

are used to generate highly intense beams of UV and X-ray
light. At modern synchrotrons monochromatic photon
beams of up to 1×1014 photons/s and of energies from a few
10 eV up to 100 keV are used to examine a range of biologi-
cal, chemical, and physical samples. The light produced can
be focused down to sub-micron spot sizes [1]. Experimental
timescales range from picoseconds, up to years [2, 3].

Common to all the experiments conducted at synchrotrons
globally is the requirement to monitor and maintain the sta-
bility of the photon beam incident upon the sample: in spatial
position, in beam profile, in intensity, in photon energy; and
to do so over the range of timescales utilised by the syn-
chrotron users. The typically required photon beam stability
at a 3rd generation synchrotron is < 10 % of the beam size,
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< 1 % of beam intensity, over kHz timescales [4, 5]. New
4th generation synchrotrons have even stricter stability re-
quirements [6]. To provide this level of beam stability, the
measurements of the incident photon beam must correspond-
ingly be at least as accurate as these stringent requirements.
It is also required that the instruments used to make beam
stability measurements are minimally invasive, and mostly
transparent to the incident light: a diagnostic instrument
that makes a perfect measurement of the beam but does not
transmit any of the incident photons through to the sample
would not be acceptable! If measurements of the photon
beam can be obtained then real-time optics adjustments can
be made to keep the beam position stabilised at the sample,
and to keep the X-ray intensity maximised.

Non-destructive X-ray beam profile monitoring is essen-
tial as synchtrotron and XFEL beamlines increasingly aim to
deliver sub-micron beam sizes at their samples points. Sig-
nificant effort is put into ensuring that precision optics can
meet these requirements, from ex-situ measurement and opti-
misation [7], to in-situ beam profile monitoring and adaptive
improvement [8]. It is increasingly common to consider real-
time feedback and adaptive optics to ensure that the mirror
performance is maintained [9]. The ability to reliably and
non-destructively monitor the beam profile is an essential
step in ensuring the reliability of the beamline optics.

DIAMOND DETECTORS
To fulfil these requirements for non-destructive monitor-

ing, single crystal chemical vapour deposition (scCVD) di-
amond makes for an excellent non-invasive detector mate-
rial: a 50 µm plate is mostly transparent to > 4 keV photons,
radiation tolerant, and exhibits good detector properties. The
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Figure 1: The X-ray transmissivity of scCVD diamond
alongside other common solid-state detector materials for
ionizing radiation, and common fluorescent materials.
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Figure 2: A sketch (not to scale) illustrating different detector electrode designs that are currently in use (a, b), and the
electrode design presented in this paper (c). This figure is reproduced from [17].

X-ray transmission of scCVD diamond is presented along-
side that of other common detector materials in Fig. 1, using
data compiled from [10]. Diamond has superior transmissiv-
ity, and no absorption edges around common synchrotron
experimental photon energies, 4 - 20 keV. Also included
for comparison are the transmission of common fluorescent
screen materials that a beamline may use to monitor the
beam profile.

The ionizing radiation that is absorbed in the detector
material generates electron-hole pairs. Under the influence
of an electrical bias the electrons and holes migrate towards
the external electrodes. An arrangement of four ‘quadrant’
electrodes can provide a position measurement in two di-
mensions, as depicted in Fig. 2 a. This design originated
in the late 1990s using polycrystalline diamond [11], and
was then improved upon through the use of single-crystal
diamond [12]. Single-crystal diamond detectors are now
available ‘off the shelf’ from multiple commercial suppli-
ers. Such commercially available devices have the ability
to provide 2-dimensional beam position measurements with
precision at nanometer scales [13, 14]. However, this com-
mon design of instrument makes a number of trade-offs to
obtain such precise 2-dimensional beam position measure-
ments.

The first trade-off is the small position-sensitive region of
the detector. Only when the X-ray beam footprint straddles
two quadrants is a position measurement possible. When the
incident X-ray beam falls wholly within one quadrant the
instrument cannot provide an accurate position measurement.
It can only be inferred that the beam is located somewhere
within that one quadrant. The position of a 100 µm wide
X-ray beam can only be accurately measured if it passes
through the instrument within ± 100 µm of the quadrant gap.

The second trade-off is that since the position measure-
ment for the smallest beamsizes can be limited by the gap
between the quadrants, there is a strong motivation to make
this isolating gap between the surface electrodes as small
as possible, typically 2 - 5 µm [14]. This leads to delicate
instruments with very small isolating gaps where surface
contaminants, debris, or damage can easily ‘short’ two neigh-
bouring electrodes and impair position measurement.

The third trade-off is the inability to obtain X-ray beam
profile information. With only four pixels, or ‘quadrants’, the
beam measurement is limited to a simple X- and Y-position.
To tackle this third problem in particular, an approach using
‘strip-electrodes’ applied to the surface of the diamond has
been developed, enabling beam profile information to be
measured [15,16]. A sketch illustrating this electrode con-

figuration is depicted in Fig. 2 b. However, each additional
electrode introduces another potential source of detector
failure should an electrical short occur.

A new design of transparent X-ray diagnostic is presented
in these proceedings. This detector aims to address the
three drawbacks listed above. This detector utilises buried
graphitic electrodes instead of surface strip-electrodes, as is
illustrated in Fig. 2 c. The instrument has been successfully
tested at Diamond Light Source, and is cable of transmis-
sively measuring the beam profile in real time [17].

LASER-WRITING OF DIAMOND
The detector presented here makes use of recent develop-

ments in adaptive optics to laser-write graphitic tracks buried
within bulk diamond. These are fabricated using an ultra-
short pulse laser technique. At the laser focal point there
is sufficient energy deposited into the diamond that a local
phase transition can take place: electrically non-conductive
diamond is converted into conductive graphite. In this sec-
tion, a short history of the use of graphitic electrodes will
be presented.

The technique was first demonstrated in the late 1990s
as a method of electrically contacting doped layers within
CVD grown diamond, using graphite columns that extended
to the surface of the diamond [18]. Later work produced
‘3D diamond detectors’ for ionizing radiation, with columnar
graphitic electrodes embedded within the bulk diamond [19].
A square array of electrodes was written through the dia-
mond plate at 200 µm intervals. Half of the columns were
connected to the ‘bias’ supply and half of the columns were
connected to the ‘measurement’ circuit. This ‘interdigi-
tated’ electrode approach had a number of advantages over
traditional top-and-bottom surface electrodes for radiation
detectors: firstly it was shown to increase the radiation re-
sistance of detectors to high energy particles; secondly the
array of graphitic ‘micro-channels’ reduced the mean dis-
tance between electrodes, enabling greater charge collection
efficiency. A useful summary of the first results obtained for
particle tracking detectors is provided by [20].

The second half of the 2010s has seen further research into
the use of scCVD diamond particle detectors with graphitic
columns as electrodes: measurements of different charged
particle beams [21, 22]; studying the effects of different
hexagonal vs cubic column arrays [23]; modelling such de-
tectors [24]; investigating the graphetization processes [25];
and investigating the effect that columnar electrodes have
on the diamond stress and charge transport properties [26].
All of these papers are related to detector work for LHC
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and similar machines for particle tracking, where radiation
tolerant diamond detectors are essential given the extremely
high dose rates experienced.

As well as simple columnar electrodes, improvements in
adaptive optics have enabled the writing of graphitic wires
following arbitrary 3D paths within a diamond plate [27],
or long electrodes running parallel to the surface of the
plate [28]. The listed papers are not an exhaustive list of the
research in this field, but are intended to give the reader a
flavour of the work being carried out.

Buried graphitic electrodes provide protection from me-
chanical and chemical damage, and from conductive surface
contaminants. Graphite is more transmissive to X-rays than
an equivalent thickness of aluminium, titanium, or other tra-
ditional electrode material. Additionally, there is no danger
of the electrode material introducing new absorption edges
that may affect synchrotron experiments, as the K-edge in
both graphite and diamond (carbon sp2 and sp3 respectively)
differ by just a few eV [29].

X-RAY IMAGING MONITOR DESIGN
The detector design utilised in this work was first pre-

sented in [30]. The diamond plate was provided by Element
Six for the purposes of this research and is described by the
supplier as ‘Single Crystal Optical Plus’ grade material.

Figure 3 presents the layout of the detector. Two sets of
11 parallel ‘bias’ electrodes run under the surface of the
diamond plate, orthogonal to two sets of 11 parallel ‘mea-
surement’ electrodes. To identify the wires, the shorter of
the sets of wires are referred as the ‘X’ electrodes, and the
longer set of wires will be referred to as the ‘Y’ electrodes.
This naming convention arose because in the experimental
testing the ‘X’ wires were oriented horizontally and the ‘Y’
wires were oriented vertically.

The ‘X’ electrodes are located at a depth of 200 µm within
the material, and the ‘Y’ electrodes are located at a depth of
100 µm, providing an electrode separation of 100 µm within
the diamond. There is an in-plane spacing of 50 µm between
each individual electrode within each array. Each electrode
comprises of three parallel tracks laterally spaced by 2 µm.

The electrodes are connected to the surface by vertical
graphitic columns referred to as ‘vias’. These are located at
the edges of the diamond plate for the purpose of connecting
the buried electrodes to a surface metallisation pad, well
away from the centre of the detector where the beam would
pass through.

The electrodes each comprise of three parallel tracks to
improve conductivity, as can be observed in Fig. 4 A. The
resistance of each of the buried graphitic electrodes was
measured to be 31±6 kΩ / mm.

The repetition of two arrays of 11 ‘X’ electrodes and
two arrays of ‘Y’ electrodes is to provide multiple poten-
tial 11 x 11-pixel imaging regions, each with a pixel pitch
of 50 x 50 µm. This redundancy was built into the detector
in case of a graphitic track or a surface contact being in-
complete or non-conductive. Arrays of 11 x 11 pixels were

Figure 3: Top: A sketch (not to scale) of the wire layout
within the diamond plate. A black dotted line indicates the
region of the cross section presented. Bottom: The cross-
section through the diamond plate. The location of the sur-
face metallisation at the edge of the detector is shown. This
figure is reproduced from [30].

chosen as this matched the number of signal acquisition
hardware channels that were available to the authors at the
time of this detector’s design.

The overall 0.6 mm thickness of the diamond plate was
dictated only by the availability of material. The relatively
large 100 µm separation between the ‘X’ and ‘Y’ electrodes
within this prototype detector was chosen to increase X-ray
absorption and charge carrier generation. The 100 µm sep-
aration between the surface of the diamond plate and the
upper electrode array was arbitrarily chosen, and for a future
detector could be ∼ 5 µm.

Ideally, a transmissive detector would remain as thin as
practical so as to minimise X-ray absorption. These rela-
tively large inter-electrode spacing and large electrode-to-
surface spacing was chosen only so as to ensure comfortable
margin for any alignment errors that may have occurred
during fabrication of this first prototype.

The design ensures that there is no surface metallisation,
or indeed any surface features, present within the active
region of the detector. The upward vias used to extract the
signal are located at the edges of the diamond plate, at least
500 µm away from the centre of the interaction points.

EXPERIMENTAL RESULTS
To test the response of the detector to incident X-rays, it

was installed in air at the sample point of the I18 beamline at
Diamond Light Source [31]. The beamline was configured
to deliver a collimated flux of up to 3×1011 ph / s at a tunable
photon energy. The beam size at the detector could be altered
from 20 µm up to 250 µm FWHM.

Also mounted along the beam path was an an ion chamber
(beam intensity monitor), a traditional four-quadrant X-ray
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Figure 4: Top: A microscope image of the diamond plate
showing the fabricated graphitic wires. Bottom left: A mag-
nified view of the area shown in the red square marked ‘A’.
The upper electrodes can be seen in focus; the lower elec-
trodes are out of the microscope focus. Bottom right: A
magnified view of the area shown in the red square marked
‘B’. The upwards ‘vias’ are visible in focus. This figure is
reproduced from [17].

beam position monitor (XBPM)1, and a CMOS camera sys-
tem monitoring a cerium-doped lutetium-aluminium-garnet,
LuAG:Ce, fluorescent screen. These were for the purposes of
monitoring the incident beam with commonly used beamline
instrumentation, so that the performance of this graphitic
wire detector could be quantitatively compared. This appa-
ratus was mounted together onto a support plate, and the
whole assembly was bolted onto the a motorised X, Y step-
per motor stage so that the detectors could be aligned to the
beam path. A sketch showing the experimental set up at the
I18 sample-point is presented in Fig. 5.

1-Dimensional Profile Measurements
A 1-dimensional beam profile can be obtained by apply-

ing a constant bias to each of the 11 measurement channels.
With the beam centred upon one of the four imaging regions,
1 A Sydor Technologies diamond beam position monitor (DBPM).

Figure 5: A sketch showing the layout of the detectors along
the X-ray beam path.

a static bias of + 10 V was applied to all of the correspond-
ing ‘X’ electrodes. Each ‘Y’ electrode was connected to a
low-impedance electrometer which was used to record the
resulting signal currents. The magnitude of the resulting sig-
nal currents is directly proportional to the absorbed photon
power, providing a 1-dimensional profile of the X-ray beam.
A comparison of the vertical X-ray beam profile measured
by the detector and that obtained by the fluorescent screen
and CMOS camera is presented in Fig. 6. This figure shows
two examples of different beamsizes: 180 µm FWHM beam
size (top), and 22 µm (bottom). The measurements of the
X-ray beam profile using the graphitic wire detector show
good agreement with that obtained from the camera. How-
ever, it is noted that the spatial resolution of the graphitic
wire detector (the ‘spread function’) is limited to the 50 µm
pixel pitch, and it cannot resolve the narrow, 22 µm beam
profile.

Imaging Results
Readout of the individual pixels was achieved using a

novel lock-in modulation technique. Rather than apply a
static ‘DC’ bias to an individual electrode or to a set of
electrodes, a modulated ‘AC’ bias was used. A different fre-
quency was applied to each of the 11 ‘X’ electrodes (1.1 kHz,
1.2 kHz, 1.3 kHz, ..., etc), with a modulation amplitude of
0.5 V around a DC level of 0 V.

The resulting signal currents were acquired at 20 kHz
from the perpendicular electrodes with low impedance elec-
trometers. A Fourier transform of the signal currents from
each measurement electrode is carried out. The Fourier
amplitude of the measured signal at a given frequency is
proportional to the flux passing through the detector at the
intersection between the measurement electrode and the bias
electrode modulated by that frequency. An illustration of
this approach is presented in Fig. 7.

Shown in Fig. 8 are an example of the 20 kHz measured
signal currents obtained, shown in the time domain (top),
and in the frequency domain (bottom). This acquisition
frequency and modulation frequencies have been specifi-
cally chosen such that when acquiring a 10 ms acquisition
(i.e. 100 FPS capture rate) each bin of the Fourier transform
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Figure 6: Vertical 1-dimensional beam profile measure-
ments obtained using a static bias, compared to fluorescent
screen camera image profiles. Top: 180 µm FWHM beam
size. Bottom: 22 µm FWHM beam size.

Figure 7: The readout scheme presented in this work utilises
a different modulation frequency applied to each bias elec-
trode. The individual modulation frequencies are detectable
at the measurement electrodes. Top: A time-domain view
of the modulation scheme. Bottom: A frequency-domain
picture, showing how the individual modulation frequen-
cies measured by the electrometer build up a picture of the
beam profile upon the detector. This figure is reproduced
from [17].

Figure 8: Top: The 20 kHz signals acquired from 11 mea-
surement electrodes whilst the X-ray beam is illuminating
the detector. Bottom: The Fourier transform of a 1 second
long acquisition at 20 kHz signals. Inset: The Fourier trans-
form of a 10 ms acquisition. These currents correspond to
the leftmost image from Fig. 9.

corresponds to one modulation frequency, and thus one col-
umn of pixels on the detector.

Figure 9 presents the imaging results obtained during a
scan of the beamline’s mirror curvature, bringing the beam
into focus at the location of the sample-point over the course
of the sequence of images. The X-ray beam is focused from
180 µm down to 40 µm FWHM (from left to right). Each
image shows a region 500 x 500 µm.

To determine the position-sensitivity of the detector, the
beam profile was recorded as the instrument was stepped
vertically through the X-ray beam. A 180 µm FWHM X-ray
beam with an approximately Gaussian profile was used for
these tests. At each position of the scan images were ac-
quired at 100 FPS. A 2-dimensional Gaussian fitting routine
is applied to the image to obtain the centroid position. Fig-
ure 10 presents the results of these scans. The error bars
are the standard deviation in fitted beam position from the
sequential detector images acquired at each scan position.
They represent the uncertainty on the acquired beam po-
sition for the 180 µm FWHM X-ray beam, and provide an
upper-bound on the beam position resolution. The mean
standard deviation in position measurement was 600 nm, or
0.3 % of the vertical beam size, FWHM.

To determine the signal linearity that can be obtained
while using this lock-in modulation acquisition method, a
scan of beam intensity was carried out using a series of
adjustable attenuation filters. These can be inserted into the
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Figure 9: Images obtained during beam focusing from the fluorescent screen (top) and from the graphitic wire detec-
tor (bottom). In both cases the image size is 500 x 500 µm.

-100 -75 -50 -25 0 25 50 75 100

-100

-75

-50

-25

0

25

50

75

100

Figure 10: The detector is scanned across the incident X-ray
beam in steps of 10 µm. At each point in the scan images
are acquired at 100 FPS.

beam path to reduce the sample-point flux. The beamline’s
ion-chamber was used as the flux reference measurement.
The output of the ion chamber is directly proportional to the
absorbed power, which for a fixed photon energy is directly
proportional to the incident flux.

The beam intensity measured by the graphitic wire de-
tector was obtained by taking the sum of all pixels in the
acquired image, i.e. the sum of the Fourier transform ampli-
tudes. Figure 11 presents this intensity measurement as the
incident flux is varied over 3-orders of magnitude. These
results demonstrate that the signal linearity of the graphitic
wire XBPM is at least as good as the beamline’s ion chamber
over 3-orders of magnitude of flux.

CHARGE CARRIER MODELLING
To help optimise the detector performance and evaluate

different electrode geometries for future detectors, a simple
model of carrier motion through the diamond plate has been
produced. This section describes the carrier dynamics used
in the model. This work is expanding upon similar modelling
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Figure 11: The signal linearity from the graphitic wire
XBPM is plotted against that measured using the beamline’s
intensity monitor diode.

of silicon detectors carried out in [32], where Chapter 7
in particular contains useful information and equations to
describe the motion of carriers through a crystal.

At room temperature, liberated charge carriers in diamond
will diffuse randomly in space because of thermal energy.
This is analogous to Brownian motion, and is modelled
by the Wiener process. In this model individual atomistic
effects are neglected, and only ‘microscopic’ net motions are
be considered. The overall probability of finding a particle
at location 𝑥 after time 𝑡, given starting conditions of 𝑥0 = 0
and 𝑡0 = 0, is a Gaussian distribution given by Eq. (1):

𝑝(𝑡, 𝑥) = 1

√4𝜋𝐷(𝑡 − 𝑡0)
exp (− (𝑥 − 𝑥0)2

4𝐷(𝑡 − 𝑡0)) (1)

The constant 𝐷 is the Einstein diffusion coefficient:

𝐷 =
𝜇𝑞𝑘𝐵𝑇

𝑞 (2)
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Figure 12: Simulated trajectories of 25 generated electron-hole pairs through a 800 x 200µm cross-section of detector. The
electron-hole origins are marked by black dots along the path of the incident beam of ionizing radiation.

where 𝜇𝑞 is the mobility of the charge carrier; 𝑘𝐵 is the
Boltzmann constant; 𝑇 is the absolute temperature; and 𝑞 is
the electrical charge of the particle.

In addition to the random diffusion of carriers they may
also undergo a net drift under the influence of an external
electric field. Their drift velocity is dependent on the electric
field applied across the material. At high fields the velocity
becomes limited due to collisions with atoms in the crystal
lattice and energy loss through the generation of phonons.
The resulting net carrier velocities, ⃗𝑣𝑞, are given by Eq. (3):

⃗𝑣𝑞 =
𝜇𝑞 ⃗𝐸

1 + 𝜇𝑞�⃗�
𝑣𝑞,𝑠

(3)

where ⃗𝐸 is the electric field strength; and 𝑣𝑞,𝑠 is the satu-
ration velocity of the charge carriers within the diamond.

The mean drift distances travelled by a carrier, ⃗𝑥𝑞, in a
given time interval, 𝑡, is simply the carrier velocity multiplied
by the time interval:

⃗𝑥𝑞(𝑡) = ⃗𝑣𝑞 𝑡 (4)

Using published values for the carrier mobilities, lifetimes,
and saturation velocities typically found similar synthetic
diamond plates [33], Eqs. (1) and (4) can be used to model
the position of carriers after discrete time steps. The simula-
tion uses time steps of 5 ps. This is a sufficiently large time
step that quantum and atomistic effects can be neglected,
but small enough to accurately reflect the motion of charge
carriers through detector regions on micrometer scales. The
carrier trajectories are modelled until either they reach an
electrode or the carrier lifetime is reached. An example of
this modelling is presented in Fig. 12.

Future work will concentrate on confirming the validity
of this model by comparing it to experimental data. Com-
parison of the modelled charge collection efficiency and
experimental data is useful in determining the quality of
the diamond plates used for detectors, as dislocations and
impurities affect the carrier dynamics [34, 35]. Accurate
modelling of the lateral drift of charge carriers will allow
limitations on the ultimate spatial resolution of the detector
to be established.

CONCLUSIONS
The pixel detector presented in this work is demonstrated

to be capable of transmissively imaging the synchrotron
X-ray beam profile. A modulation lock-in readout technique
has been developed which enables all pixels to be read si-
multaneously. Images of the beam profile can be obtained
at up to 100 FPS.

Beam motions much smaller than the ‘pixel size’ can be
easily resolved by applying 2D Gaussian fitting to determine
the centroid, and the resolution of the position measure-
ment is 600 nm for 10 ms acquisitions and 180 µm beam
size FWHM. Intensity linearity is equivalent to a standard
ion-chamber over 3-orders of magnitude of flux.

Ongoing modelling is being used to help optimise future
detector design and electrode geometry, and probe possible
constraints on spatial resolution of the detector due to lateral
charge diffusion.

The single crystal diamond detector includes no metallisa-
tion in the beam path and introduces fewer absorption edges
that may interfere with beamline experiments. Keeping the
transmissive region of the sensor free from metallisation
also reduces the danger of electrodes being damaged by high
incident flux. The detector may be permanently installed in
the X-ray beam path, offering significant advantages over
fluorescent screens, or knife-edge scans which intercept a
significant portion of the synchrotron flux or block it entirely.
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