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Abstract: The charge-integrating hybrid silicon pixel detector JUNGFRAU has found
widespread use at free-electron laser and synchrotron facilities. The detector was designed for
use with hard X-rays; yet, because of its low noise, high dynamic range, position resolution, and
scalable size, JUNGFRAU is of high interest for soft X-ray applications. We discuss improvements
of the readout chip and alterations of the entrance window at the back of the sensor that facilitate
low-energy X-ray detection. The first use case of the improved system at a low-energy beamline
demonstrates single photon sensitivity down to 800 eV. At lower energies, the readout noise of the
hybrid detector hinders the resolution of single photons. We propose to couple the JUNGFRAU
readout chip with charge-multiplying low-gain avalanche diode (LGAD) sensors to resolve X-ray
photons with a minimum energy of 250 eV.
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1 Introduction

X-ray photon science at free electron lasers (FEL) and synchrotron light sources fosters a large
variety of research. Applications span from biology to solid state physics. Photon energies vary
depending on application and experiment type. Hard X-rays with energies around 10 keV, for
instance, are the probe of choice to determine crystal structures [1, 2]. Soft X-rays with energies
between 250 eV and 2 keV, on the other hand, are more sensitive to spin, charge, and orbital degrees
of freedom [3]. Experiments can exploit the presence of the K and L-edges of many light elements
and 3D transition metals in this energy range [3, 4]. Consequently, low-energy X-rays are an
important tool for research on new materials and correlated systems. And specialized soft X-ray
branches are in high demand at FELs and synchrotron sources.

The detectors for such applications must be able to cope with the brilliance, repetition rate,
and pulse duration of the X-ray sources. Large-area single-photon-counting [5, 6] and charge-
integrating hybrid detectors [7, 8] are widely used for hard X-rays. At photon energies below
2 keV, experiments rely on charge-coupled devices (CCD) or CMOS monolithic sensors. These
detectors, however, suffer shortcomings in terms of active area, dynamic range, readout speed,
and radiation tolerance. With regard to these limitations, hybrid detectors become an attractive
alternative.

The charge-integrating hybrid silicon pixel detector JUNGFRAU [9] offers low noise, high
dynamic range, readout speed, and position resolution, scalable area, and single-photon resolution
down to about 1.5 keV with readout chip version 1.0. At lower energies, the noise of the readout
chip and the attenuation of photons in the non sensitive sensor entrance window limit detection
efficiency. Optimizations of the readout chip and of the entrance window have improved the
detection efficiency at low energies. The improved system was installed at the experimental station
Maloja of the Swiss Free-Electron Laser (SwissFEL), marking the first use case of JUNGFRAU
for low-energy X-ray detection. In the following, we discuss the capabilities of this system and
introduce plans to combine the JUNGFRAU readout chip with low-gain avalanche diode (LGAD)
sensors to extend the single-photon resolution down to 250 eV.
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2 The JUNGFRAU detector

JUNGFRAU [9] was primarily designed to cope with the brilliant, short (∼10 fs) X-ray pulses
of FELs. It combines a charge-integrating architecture and three linear, dynamically switching
gains per pixel. With readout chip version 1.0, the detector can resolve single photons down to
∼1.5 keV while providing a dynamic range of 104 photons at 12 keV. The maximum frame rate is
2.2 kHz. A single detector module contains 500k pixels with a size of 75 × 75 μm2. Modules can
be combined into larger systems; the largest systems to date feature 16 megapixels. Owing to its
low noise, high dynamic range, and count rate capabilities, JUNGFRAU has extended its range of
use from FELs also to synchrotron light sources [10].

Version 1.1 of the JUNGFRAU readout chip1 improves the noise performance of the detector.
In particular, the input capacitance of the preamplifier and the feedback capacitance in high gain
were reduced, and a filtering resistor was added before the correlated double sampling stage.
These measures reduce the average noise at 5 μs integration time from 52 electrons equivalent
noise charge (ENC) for chip version 1.0 (see [9]) to 34 electrons for version 1.1.

The quantum efficiency of the sensor poses an additional challenge for low-energy X-ray
detection. Sensors feature a non sensitive implant of high doping concentration at the back.
This entrance window influences the quantum efficiency at low photon energies. The standard
JUNGFRAU sensors feature a 1–2 μm thick n+ entrance window (figure 1(a)), giving a quantum
efficiency of ∼80% for 1.2 keV photons, which decreases rapidly for lower energies (figure 1(b)).
Sensors with a thinner n+ layer (∼200 nm), fabricated by Fondazione Bruno Kessler (FBK),
significantly improve the quantum efficiency at low energies. Furthermore, simulations2 indicate
that a quantum efficiency of ∼80% at 250 eV can be achieved by optimizing the quality of the
entrance window process.3

Figure 1. (a) Schematic cross section of a JUNGFRAU pixel with X-ray entrance window at the back of the
sensor. (b) Quantum efficiency as a function of photon energy for sensors with different entrance window
processes. Sensors with a thin entrance window (red triangles) are used for the JUNGFRAU system at
Maloja (see section 3).

1 An in-depth discussion of JUNGFRAU 1.1 exceeds the scope of this paper.
2 Simulations are based on Synopsys TCAD. Details will be provided in a separate publication.
3 FBK proprietary. Characterization results of prototypes will be addressed in a future publication.
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3 First use case with low-energy X-rays

The first JUNGFRAU system that targets soft X-rays was installed at the experimental station Maloja
in 2021. Maloja is part of the SwissFEL low-energy branch Athos [11]. It aims at atomic, molecular
and non-linear X-ray physics and chemical dynamics. The JUNGFRAU detector at Maloja contains
eight modules, which provide four megapixels in total. The modules operate version 1.1 of the
readout chip and use standard sensors with a thin entrance window (figure 1(b), red triangles). The
energy response of each pixel of the system was calibrated with a standardized procedure [12].
The procedure uses fluorescence photons from a secondary copper target (characteristic Kα line at
8 keV) to achieve an absolute calibration in high gain. The relative gain ratios in medium and low
gain are determined using voltage pulses to the sensor backplane and an internal current source
on the chip. This procedure corrects for pixel-level gain variations, about 2% for the system at
Maloja.

The system was commissioned using X-ray forward scattering on xenon clusters. The detector
was mounted at 34 cm distance to a pulsed supersonic gas jet emitting xenon clusters with radii
of ∼16 nm, and scattering images of the X-ray beam were recorded with 5 μs integration time per
frame. 1000 frames were accumulated into one image. The measurement was repeated with X-ray
energies of 1 keV, 800 eV, 600 eV, and 500 eV. All data analysis was performed for a contiguous
subset of 730 × 490 pixels close to the center of the detector system. The subset contained a
total of 134 (<0.4‰) faulty pixels, including pixels with faulty gain switching. This ratio can be
considered representative for the full detector system.

The cumulative energy spectra across the subset of pixels (figure 2), corrected for pixel-level
gain variations as described above, were analyzed to determine the energy resolution capabilities
of the detector system. A Gaussian fit to the noise pedestal yields a standard deviation σ ∼ 150 eV,
which corresponds to ∼43 electrons ENC. We attribute the broadening of the noise peak compared
to separate measurements of JUNGFRAU 1.1 modules, which yielded 34 electrons ENC, to the
complexity of the four-megapixel Maloja system. At 1 keV, the single-photon peak is separated
from the noise by∼5σ (figure 2(a)). The signal of 800 eV photons is separated by∼3σ (figure 2(b)).
For energies below 800 eV, single-photon signals cannot be distinguished reliably from the noise.
With high photon intensities and for experiments that do not require single-photon resolution,
however, the JUNGFRAU system can be applied at energies below 800 eV using multi-photon
signals.
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Figure 2. Gain-corrected energy spectrum of 1000 images across all pixels in high gain at different photon
energies, taken with the four-megapixel JUNGFRAU system at Maloja. (a) 1 keV. (b) 800 eV.

4 Combining JUNGFRAU with LGAD sensors

To push single-photon resolution to energies below 800 eV, either the detector noise must be
reduced or the photon signal must be amplified above the noise threshold. In case of a hybrid
detector, the capacitance introduced by the bonds between sensor and readout chip contributes
significantly to the detector noise. Any means of amplification at the chip level must consider this
noise contribution. Signal amplification at the sensor level would circumvent this issue.

LGAD sensors [13] intrinsically multiply the charge created by a photon hit by a factor of
5–20. A combination of the low-noise JUNGFRAU readout chip and an LGAD sensor would
therefore improve the detector performance at low photon energies. A gain of 10, for instance,
would shift the signal of a 250 eV photon to effectively 2.5 keV, which is well separated from the
detector noise. The increase of resolution, however, reduces the dynamic range of the detector by
the same multiplication factor. A gain of 5–10 would facilitate single photon resolution down to
250 eV while maintaining a dynamic range of ∼104 photons at 2 keV.

Andrä et al. [14] have demonstrated the feasibility of using hybrid LGADs for low-energy
X-ray detection and noted two critical points that require optimization: the sensor fill-factor and
the quantum efficiency at low energies. In contrast to a standard LGAD design (figure 3(a)), an
inverted design (iLGAD [15], figure 3(b)) would extend the multiplication region across the full
sensor volume and is expected to achieve a fill-factor close to 1. To optimize the quantum efficiency
of iLGADs, the design of the entrance window and the multiplication layer will need to be studied
carefully. Prototypes featuring optimized thin entrance windows (see figure 1(b), green curve) and
variations of the multiplication layer were included in a wafer run fabricated by FBK. They will
be available for tests at the beginning of 2022.

– 4 –



2
0
2
2

J
I
N
S
T

1
7

C
0
9
0
2
7

Figure 3. (a) Schematic cross section of an LGAD pixel with junction-termination-extensions (JTE). (b)
Inverted LGAD (iLGAD) design. Dimensions not to scale.

5 Conclusions

We have reported on the first application of the JUNGFRAU detector with soft X-rays at the
SwissFEL end station Maloja. The system resolves single photons down to 800 eV. The low noise
of the JUNGFRAU readout chip promotes the combination with LGAD sensors to extend the
energy range to 250 eV. On the way to a hybrid LGAD for low-energy X-ray detection, quantum
efficiency and sensor fill-factor will need to be optimized. We will perform tests on LGAD sensors
with an inverted design and address results in future publications.
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