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a b s t r a c t

The last decades have witnessed substantial efforts in the development of several de
for X-ray fluorescence (XRF) applications. In spite of the increasing trend towards
 performing, cost-
effective and reliable XRF systems, detectors for soft X-ray spectroscopy still remain a challenge,
requiring further study, engineering and customization in order to yield effective and efficient systems.
en non-destructive technique investigating specimens at submicron lateral resolution [6–8]. This
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1. Introduction

X-ray Fluorescence (XRF) is a prov
for elemental and chemical analysi
s [1–4]. The introduction of massiv
In this paper we report on the development, first characterization and tests of a novel multielement
detector system based on low leakage current silicon drift detectors (SDD) coupled to ultra low noise
custom CMOS preamplifiers for synchrotron-based low energy XRF. This new system exhibits the
potential for improving the count rate by at least an order of magnitude resulting in ten-fold shorter
dwell time at an energy resolution similar to that of single element silicon drift detectors.

been extended to the soft X-ray regime and has been combined
with soft X-ray scanning transmission microscopy (STXM) for
s in a broad variety of appli- allows mapping of light elements, such as C, N and O, as well as

ely-parallel multi-ele- transition metals that are considered important in biochemical
ment detector systems, such as the Maia detector [5], along with
sophisticated data backend-processing, has resulted in a step-
change to hard-x-ray XRF in the photon energy range above 2 keV.
Combining high overall photon count rates with large solid angle,
dwell times are drastically reduced with respect to single sensor
detectors, which allows fast two-dimensional element mapping of
large areas in a scanning approach [5]. Recently scanning XRF has
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processes [9,10]. However, at photon energies below 2 keV tran-
sitions are dominated by the Auger effect, which results in low
fluorescence yields and subsequently renders low energy XRF
(LEXRF) a challenging endeavor. To counterweight the low effi-
ciency in LEXRF a common practice is to increase the photon
intensity of the source at the cost of radiation damage to the
sample and with some impact on the detectors. As in the case of
the Maia detector, a more elegant solution is to increase the solid
angle seen by the detector and to divide its active area in a high
number of smaller detection units, thereby reducing the count
load of the single cell. Such approach reduces substantially the
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exposure times, results in lower radiation damage and allows a
higher number of samples to be analyzed within a given time [11].

It is noteworthy that at low X-ray energies the characteristic

replace the LEXRF system currently installed at the TwinMic
beamline (Elettra – Sincrotrone Trieste, Trieste, Italy) [12], which
operates in the 400–2200 eV energy range. The existing system

Fig. 1. Standard LEXRF TwinMic setup (Panels A and C) and new detector system (Panels B and D).
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light-element K shell emission lines may partially overlap with the
L lines of transition metals. As a result, the energy resolution of the
detector systems is of paramount importance and must be as high
as possible without compromising the detector efficiency. The
detector has to be designed so that it provides a reasonable
quantum efficiency (450%) in the operational energy range
(200 eVoEo2000 eV). Considering the vast versatility and flex-
ibility of beamlines with XRF capabilities, this entails a dedicated
detector development basically for each experimental station.

In this paper we report on the development of a novel and
highly partitioned LEXRF system based on silicon drift detector
(SDD) technology for STXM applications, which covers a sub-
stantial solid angle (Fig. 1b and d). This detector is designed to
consists of eight commercially available SDDs (from www.pnde-
tector.de) symmetrically mounted and facing the sample (Fig. 1a
and c), which are connected to a discrete eight channels front/back
end acquisition system developed by XGLAB (www.xglab.it). With
an energy resolution of 128 eV at Mn Kα, this system operates
close to the Fano limit, but unfortunately it covers only a limited
solid angle, which results in dwell times in the order of seconds
per scan point.

Long exposure times are thus required to map samples with
relatively large field of view and high spatial resolution [13].

The new LEXRF system has been designed to match the char-
acteristics and physical constraints of the TwinMic microscope and
can be easily adapted to other soft X-rays end stations.



In this article we describe the design and development of the
new detection system, together with the first results obtained at
the TwinMic beamline at Elettra.

3. The detector geometry

A substantial solid angle coverage, compatible with the
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2. Beamline constrains and detector requirements
A significant constraint of the TwinMic microscope, operating

The sensor designed for the TwinMic microscope is comprised of
in an HV environment, is the very short working distances of the
order of a few millimeters of its zone plates [14,15], limiting the
accessibility to the specimen area and subsequently the available
clearance for the detection system. This compact geometry expo-
ses the detector to electromagnetic waves arising from the nearby
sample movement stages. In addition, the detection system and
the associated acquisition electronics must be compatible with the
vacuum environment of the TwinMic instrument. In general, in
order to reduce the overall noise and electromagnetic pick up, it is
a good practice to place the preamplifier electronics close to the
detection cells and to convert the analog signals into digital data as
soon as practicable. This is particularly true in the case of multi-
cell detectors, where mixed analog and digital signals increase the
risk of cross talk. When the number of detector cells exceeds some
tens, pre-processing the signal in vacuum becomes mandatory, in
order to reduce the vacuum feedthrough connections. This in turn
means placing power-consuming electronics such as ADCs and
FPGAs in vacuum adding therefore the necessity to develop highly
efficient in-vacuum cooling systems.
Fig. 2. Left: photograph of the silicon drift cell array detector designed for the
TwinMic beam line at Elettra. Panel A shows the uniform pþ entrance window in
which the cells can be easily recognized. The cells are separated by 0.5 mm thick Al
collimators in order to absorbs X-ray photons with energy below 300 eV. Panel B
shows the front side where the anodes collecting the signal are placed at the center
of each cell. Panel C depicts the schematic view of one drift square cell.

Fig. 3. Schematic view of the acquisiti
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mechanical constraints of the TwinMic microscope, is provided by
a set of four pixelated trapezoidal SDDs (Fig. 1B) with a total active
area of 924 mm2 (Fig. 2). Merging four of those trapezoids results
in a side surface of a square pyramidal frustum (a truncated right
pyramid): the photon beam passes through the top base of the
frustum while the specimen lies in the plane of the bottom face.
This increases the solid angle coverage of the isotropic photo-
emission hemisphere about 4 times over the present detector
system currently in use at TwinMic [13] which employs multiple
commercially-available detectors.

3.1. Sensor
a set of SDDs fabricated on a 450 μm thick n-type silicon substrate
with a resistivity of 9 kΩ cm. As mentioned above it is organized as a
trapezoidal shaped array composed of four 38 mm2 square cells and
four half-size triangular cells covering a total sensitive area of
231 mm2 (Fig. 2A). A shallow, uniformly and heavily doped pþ layer
is optimized to provide good sensitivity to photon energies down to
few hundreds eV and serves as common entrance window for all
eight drift cells of the matrix. The backside of the sensor is an
arrangement of decreasingly negative biased pþ rings/drift cathodes.
The bias voltage is then applied to the outermost drift cathode, which
separates the cells into independent detection units. This results in
an electric field focusing the signal charge towards the center pad of
each cell. This last element, a small heavily doped nþ pad (anode),
collects the electrons generated by the impinging photons and pro-
vides a very low loading capacitance towards the readout electronics
thus providing a high energy resolution. The innermost cathode,
closest to the anode, is kept at the negative potential closest to
ground and terminates the drift region. Voltage dividers based on
lightly doped p� implanted resistors are integrated separately on
each cell and are connected to the drift cathodes generating the
potential gradients and subsequently the drift fields. In order to
obtain the full depletion of the detector bulk, and to ensure an
effective charge collection, the entrance window is biased separately
with respect to the detector backside. Several floating pþ rings
(guard cathodes) scale down the bias voltage to ground potential.
These are placed on the front and back plane, respectively, outside of
the array’s sensitive area, at the edge of the sensor.
on system of the detector system.



3.2. Front-end electronics

The small nþ anode pads of each SDD cell are wire-bonded to

match the input ranges of the two analog to digital converters
(ADC). The signals from the multiplexers are sampled by two 16-
bit ADCs at a sampling rate of 130 MSPS and further processed by

Fig. 4. Spectrum of a Fe55 radioactive source, showing Mn Kα and Kβ emission lines.

Fig. 5. Spectrum recorded at the TwinMic beamline on the MgF2 standard sample,
depicting F, Mg and Si K emission lines.

Fig. 6. Comparison between the spectra acquired with the two XRF systems on the
soybean root sample, showing O, Na, Mg, Al and Si K emission lines. Both spectra
are an integration of 21,780 s; Panel A refers to the existing TwinMic LEXRF system
(all 8 detectors); Panel B refers to 5 cells of a single quadrant of the new multi-cell
detector. We suspect that the energy resolution of the multi-cell detector suffers
from multiplexer switching effects, however the increased collection efficiency is
immediately apparent from the greater overall count rate, estimated to be around
4 times the existing TwinMic one.
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preamplifiers placed very close to the anodes of the detector. This
approach minimizes the parasitic capacitance of the wire bonds,
and consequently minimizes the noise ensuring high energy
resolution. The preamplifiers are the SIRIO-3G Charge Sensitive
Preamplifiers custom designed in CMOS IC technology. SIRIO-3G
preamps have an intrinsic noise as low as 1.5 electrons root mean
square (rms) (13 eV FWHM for Silicon) at room temperature and
constitute the current state of the art in low-noise front-end
electronics for SDDs. Coupled to a single channel 13 mm2 SDDs,
intrinsic system noises as low as 3.3 electrons rms (29 eV FWHM)
at �28 °C has been recently demonstrated [16]. The power con-
sumption of each preamplifier is about 3 mW, while the complete
SIRIO chip consumption is about 10 mW.

3.3. Back end electronics

A schematic of the entire readout chain is depicted in Fig. 3. The
eight analog signals acquired from each trapezoidal sensor are
converted by the charge sensitive amplifiers of the SIRIO-3G ASICs
into output voltages, which are subsequently fed into CR-RC sha-
pers reducing noise contributions and limiting pile-up effects. The
signals are then multiplexed by two 4:1 multiplexers and ampli-
fied by secondary amplification stages, which are adjusted to
an FPGA. The latter provides a considerable flexibility in the con-
figuration and data acquisition methods, allowing also increasing
the number of the detector pixels while keeping the number of
signal wires low. As mentioned above, the entire acquisition chain
is accommodated in the HV housing of the TWINMIC experimental
chamber. The configuration described here requires a total of just
eight signal wires to transmit the acquired data from the experi-
mental chamber to an external transponder via vacuum feed-
throughs. The system can then be accessed from a remote PC
through a network protocol. This approach greatly facilitates the
integration of our system on any beamline.

The acquisition electronics of the detection system for the
TwinMic microscope is subdivided into two printed circuit boards
(PCBs). The front-end PCB is kept sufficiently small to comply with



clearance constraints, and carries the trapezoidal SDD, the eight
charge sensitive ASICs, the shapers, two 4-channel multiplexers
and the secondary amplification stages. The analog signals are

Initially, the novel detector system was characterized by
acquiring XRF spectra with an excitation energy of 2 keV on a
standard reference sample consisting of a 550 nm thick MgF2 layer

Fig. 7. Comparison between the existing 8-element SDD system (top row) and 5 cells of the new 8-cell detector (bottom row) of the new LEXRF system (5 s/pixel in both
cases with 1.2 mm step size) for Na and Al XRF maps, depicted beside the corresponding absorption (A and C) and phase contrast (B and D) STXM images.
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transferred via flex cables from the front-end PCB to the back-end
PCB, which holds the two ADCs and the FPGA. Moreover, the back-
end PCB provides all required power voltages and the bias voltage
of the detector.

During the first design iteration of the back-end electronics, the
choice of the 4:1 analog multiplexer connected to a single ADC
was driven by the concern that additional ADCs would increase
the total power load on the cooling system and subsequently
would increase the sensor temperature [17]. Verification and
testing of the cooling system indicates that it is easily able to
remove the heat load of the ADCs. Accordingly, we believe that we
can relax the earlier design requirement allowing us to reconsider
the selection of the number of ADCs and the degree of multi-
plexing employed in the detector. We are now designing a new
improved version with no multiplexing methods, allowing also
increasing the number of the detector pixels without adding fur-
ther signal wires.

4. Results
4.1. Detector characterization
A two pages preview of the features of the new developed
detector was already given in [18]. Here we report about the
complete detector system characterization, highlighting its per-
formances when acquiring elemental maps together with STXM
imaging.

The sensors used for the TWINMIC beamline have a leakage
current density below 180 pA/cm2 at room temperature (20 °C)
and an anode capacitance of about 30 fF. In order to characterize
the acquisition system, preliminary measurements have been
carried out utilizing an in-air climatic chamber with a 55Fe
radioactive source. By cooling the multiplexer and testing one
square cell (38 mm2) at a time, a typical energy resolution of about
158 eV ENC at 5.9 keV and at 0 °C was obtained for a peaking time
of 1.52 ms (Fig. 4).

After these first tests in the climatic chamber, one trapezoidal
detector system was installed in the TwinMic end station, upon
dismounting the current LEXRF system.

5

deposited on a 100 nm thick silicon nitride window. In contrast to
the previous measurement, here the multiplexers were switching
to the respective firing cell. The acquired spectrum from one of the
square cells is depicted in Fig. 5, showing the K emission lines of F,
Mg and Si with a count rate of 2100 counts/s (incident beam of
7.5�107 photons/s).

Although the inherent noise contribution of the analog multi-
plexers is small in comparison with the detector noise, the energy
resolution decreases substantially when multiplexer switching
occurs. This is due to a rate-independent but amplitude-dependent
stochastic latch-up effect, which shifts the baseline and subse-
quently alters the amplitude read by the ADCs, even when using a
correlated double sampling procedure. For this reason a new ver-
sion of the back-end PCB has been recently designed for future
experiments in order to provide an ADC for each single channel
thus avoiding the use of the analog multiplexers.

The system was used to map a sample of biological interest,
which was a soybean root exposed to Al. In order to characterize
and to compare the new detector system with the standard one,
elemental maps have been acquired on an area that had been
previously investigated with the TwinMic standard LEXRF setup
within the framework of a research project aiming at investigating
the effects of Aluminum exposure on soybean root growth [19].
Traditional techniques are not sensitive enough to determine
where Al accumulates in the roots giving rise to the necessity of
using a synchrotron-based low energy XRF system, such as the one
provided by TwinMic [20]. Representative spectra of the soybean
are depicted in the panels of Fig. 6 for both detection systems. The
difference in the energy resolution that can be quoted with 70 eV
on C K line [7] for the existing system (Fig. 6A) is prominent;
however, at least the Na and Al peak could be resolved with both
systems utilizing a multi-Gaussian-peak fit procedure on the data
acquired with the new system (Fig. 6B). The fluorescence peaks of
Mg and Si could not be resolved with the new detector system in
its current configuration due to its degraded energy resolution
believed to result from the multiplexer switching (see above).
Fig. 6 can be used to compare the total count rate of the two
detection systems. It is clear that eight of the existing modules
provide less counts than 5 cells (3 square and 2 triangular) of the
new multi-cell detector. The count rate of one square cell is about
the same as that of two existing modules. As the final system will



consist of 32 cells (four quadrants, each with 8 cells in a revised
layout), we anticipate a count rate improvement approaching an
order of magnitude with respect to the current detection system.
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