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A new Rococo 2 X-ray fluorescence detector was implemented into the

cryogenic sample environment at the Hard X-ray Micro/Nano-Probe beamline

P06 at PETRA III, DESY, Hamburg, Germany. A four sensor-field cloverleaf

design is optimized for the investigation of planar samples and operates in a

backscattering geometry resulting in a large solid angle of up to 1.1 steradian.

The detector, coupled with the Xspress 3 pulse processor, enables measure-

ments at high count rates of up to 106 counts per second per sensor. The

measured energy resolution of �129 eV (Mn K� at 10000 counts s�1) is only

minimally impaired at the highest count rates. The resulting high detection

sensitivity allows for an accurate determination of trace element distributions

such as in thin frozen hydrated biological specimens. First proof-of-principle

measurements using continuous-movement 2D scans of frozen hydrated HeLa

cells as a model system are reported to demonstrate the potential of the new

detection system.

1. Introduction

Nano- and microprobe X-ray fluorescence (XRF) analysis at

synchrotron sources provides access to map and visualize the

distribution of chemical elements in biological samples and

is thus a technique commonly used in biology and medicine

(Paunesku et al., 2006; Börjesson et al., 2003). It was applied

for in vitro measurements of lead in bones (Todd & Chettle,

1994) and to detect trace element distribution in plants

(Punshon et al., 2009). Among recent biomedical applications

of XRF are the determination of the elemental content in

human neutrophils (De Samber et al., 2016; Niemiec et al.,

2015), in mouse embryonic fibroblast cells (Matsuyama et al.,

2010), in PC12 cells (Kosior et al., 2012), in Alzheimer-affected

brain cells (Miller et al., 2006), melanosomes (Gorniak et al.,

2014) and dopamine neurovesicles (Miller et al., 2006). In

environmental applications, XRF was used to analyze single

bacterial cells (Kemner et al., 2004), juvenile barnacles

(Senkbeil et al., 2016) and damselfly wings (Stuhr et al., 2018).

Recent trends show the potential to push the method towards

3D XRF tomography (De Samber et al., 2010a,b; Antipova

et al., 2018; de Jonge & Vogt, 2010; Takeuchi et al., 2009;

Martı́nez-Criado et al., 2016). In particular for tomography, a
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rapid acquisition of the large amount of data is desired to

reduce drift effects. In recent years, significant technological

improvements have been made including advanced X-ray

sources, improved focusing schemes (Seiboth et al., 2017) and

better detectors (West et al., 2012; Wu et al., 2014). Besides the

focused X-ray beam, the energy-dispersive detector in parti-

cular for analyzing the emitted X-rays is of key relevance

for every analysis system. Silicon drift detectors (SDDs) are

commonly used for energy-resolved detection of ionizing

radiation like X-rays. The first SDD was developed by Gatti

& Rehak (1984). The function principle is similar to a

photodiode but field strips drive the signal charges towards a

small collecting anode with very low capacitance (Lechner et

al., 1996). The advantages of this detection scheme are the

high detection efficiencies due to the rapid counting of all

collected photons with different energies while still providing

a good energy resolution. Another advantage is that SDDs

work at moderately low temperatures which allows the use of

Peltier cooling instead of liquid-nitrogen cooling. Currently,

different beamlines at synchrotron sources are aiming to

maximize the detection efficiency of the detectors (Gianon-

celli et al., 2015; Lühl et al., 2019). For instance, the develop-

ment of the Maia detector array has been a milestone for high-

throughput fluorescence analysis, using an annular, back-

scattering geometry with a 20 � 20 array of 1 mm2 individual

detectors, capturing a high solid angle at high count rates

(Ryan et al., 2019).

In this work we use the Rococo 2 SDD (PNDetector,

München, Germany) which was developed for energy-

dispersive X-ray spectroscopy (EDX) (Schlosser et al., 2010)

in electron microscopy. It uses four separated detection

elements that cover a large acceptance angle of up to

1.1 steradian and is equipped with a 1 mm Mylar window and a

zirconium mask. We integrated the Rococo 2 detector into the

cryogenic sample environment at the microprobe experiment

of the Hard X-ray Micro/Nano-Probe beamline P06 and tested

it for the first time at a synchrotron source in a vacuum

environment using cryogenically prepared samples. Cryogenic

sample environments are a powerful tool for investigating

rapidly frozen hydrated biological specimens, which are as

close as possible to their natural aqueous environment

(Dubochet, 2012). In addition, the visible effects of radiation

damage are strongly reduced (Schneider et al., 1995). As the

experiments were carried out at the microprobe branch of the

high-brilliance P06 beamline of the synchrotron PETRA III,

ultrafast pulse processors were required to analyze the

emitted XRF photons. The high count rates allow a short

acquisition time, which is crucial to effectively exploit the

beam time at synchrotron sources. A high sensitivity and good

energy resolution are also mandatory to detect trace elements,

and the ultrathin window improves the detection efficiency of

light elements like potassium, sulfur or phosphorus by redu-

cing the absorption of the corresponding signal to a minimum.

The latter are elements of importance in many biological

processes. Due to the high penetration depth of hard X-rays,

XRF allows relatively thick samples such as cells or tissue

sections to be quantitatively analyzed. Here we characterize

the Rococo 2 detector regarding its energy resolution,

maximum count rates and dead-time, and show first XRF

measurements of cryogenically preserved HeLa cells with this

new detector concept.

2. Material and methods

2.1. Sample preparation

HeLa cells were cultured in DMEM (Dulbecco’s Modified

Eagle’s Medium; Gibco, Carlsbad, USA) supplemented with

10% fetal bovine serum (Sigma Aldrich Chemie GmbH,

Steinheim am Albuch, Germany) and 1% penicillin-strepto-

mycin (Gibco, Carlsbad, USA) at 37�C and humidified

atmosphere with 5% CO2 using T-25 cell culture flasks

(Sarstedt AG & Co, Nümbrecht, Germany). 7500–10000 cells

were split and seeded onto silicon nitride membranes (1 mm�

1 mm; Silson Ltd, Blisworth, UK). Cells were incubated in

culture medium for another 12–16 h prior to imaging with a

light microscope. During the light microscopy the cells were

placed in a phosphate-buffered saline (PBS) (catalogue

number 18912-014; Gibco, Inchinnan, UK) solution. Subse-

quently, cells on their support membranes were plunge-frozen

in a liquid-ethane/propane mixture and stored in liquid

nitrogen until the XRF measurements.

2.2. X-ray fluorescence measurement and data analysis

Micro-XRF measurements were carried out at the

microprobe branch of the Hard X-ray Micro/Nano-Probe

beamline P06, DESY (Hamburg, Germany) (Schroer et al.,

2010). A cryogenic vacuum chamber with a modified recipient

for the detector and for the sample transfer system was used.

It enables measurements in vacuum at a base pressure

between 10�6 mbar and 10�8 mbar at a typical sample

temperature of 120 K. The synchrotron beam (12 keV) was

focused to a size of 300 nm � 300 nm. The entrance window

into the cryogenic vacuum chamber was made of black Kapton

with a thickness of 75 mm (Dupont, Hertfordshire, UK). The

fluorescence signal was detected by the Rococo 2 detector,

which uses four monolithically integrated SDD sensor

elements (15 mm2 active area each) in an annular cloverleaf

shape centered around a hole with a 1.8 mm diameter to allow

transmission of the synchrotron beam [Fig. 1(a)]. This enables

the use of the detector in close proximity to flat samples at a

high acceptance angle of up to 1.1 steradian. The detector was

positioned in a backscatter geometry, 3 mm upstream of the

sample, corresponding to a working distance of �7 mm (solid

angle ’ 1.0 steradian). The 2D area scans were measured in

continuous-scan mode, in which the sample stages were

continuously moved in the horizontal direction, and at each

scan end moved incrementally in the vertical direction. During

measurements the spectral data were collected for a pre-

defined time over a pre-defined distance using an Xspress 3

pulse processor (Quantum Detectors, Oxford) – featuring the

high processing speed necessary for the Rococo 2. The precise

position of the stages was measured using encoders. The

intensity of the excitation X-ray beam was monitored using an
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ionization chamber before and a photodiode behind the

cryogenic chamber. For the calibration and characterization

measurements, the spectra of the four active elements of the

Rococo 2 detector were summed up and normalized to the

intensity of the excitation beam. For the 2D scans of the

cryogenically prepared cells only three of the four elements

were summed up, as one of the readout channels was used for

diagnostic purposes. In continuous scan mode, the spectra

were assigned to pixel positions on a Cartesian grid according

to the scan parameters using the recorded encoder positions.

All spectra were analyzed by peak deconvolution and fitting

using the fast XRF stacking function of the software PyMCA

(European Synchrotron Radiation Facility, ESRF) (Solé et al.,

2007). The thickness of the amorphous ice of the rapid plunge

frozen HeLa cells was determined by comparing the intensity

of the mean Si K signal I(KSi,ice) at the position of the cells

with the Si K signal obtained from a spectrum of an empty

silicon nitride membrane [I(KSi,membrane)]. By equating the

ratio I(KSi, ice) :I(KSi, membrane) to the transmission of the Si K

signal at 1.74 keV (attenuation length in water � = 11.6 mm)

(Henke et al., 1993) and using Lambert–Beer’s law, the

thickness of the amorphous ice (� = 0.94 g cm�3) can be

determined via the following equation,

dice ¼
ln I KSi;membrane

� �
= I KSi;ice

� �� �

86320 ½m�1�
: ð1Þ

3. Results

The Rococo 2 detector was implemented in the cryogenic

vacuum chamber to improve the sensitivity for XRF micro-

scopy. Fig. 1(a) shows a CAD drawing of the detector. The

detector was mounted on a custom-built XYZ-manipulator

[Fig. 1(b)], which allows alignment to the beam through the

detector aperture and to adjust the detector–sample distance

to �3 mm. In conjunction with the KB focus of the beamline,

2D scans can be rapidly acquired, which is particularly rele-

vant for analysis of trace elements in biological samples. The

motorized setup enables a quick alignment and to return to

the short sample–detector distances for a large acceptance

angle after sample transfer.

3.1. Energy resolution

Before its use at the beamline, the energy resolution of the

detector was characterized in a laboratory setup at �22�C

(with the detector being cooled to �25�C) in a high-vacuum

chamber (10�6 mbar) using a 55Fe radioactive source which

emits the Mn K characteristic lines. The signal detected by the

four active elements of the Rococo 2 are shown in Fig. 2 (see

also Table 1). The signals of all four detector channels are

similar regarding their shape. Gaussian fits of the Mn K� line

for each of the channels yielded a mean full width at half-

maximum (FWHM) of 128.7 � 0.9 eV @ 10 kcounts s�1,

which is in good agreement with the specifications of the

manufacturer of a FWHM of the Mn peak of 128 eV @

100 kcounts s�1 (Rococo Preamplifier Module, https://

pndetector.com/w/wp-content/uploads/2018/08/Rococo_2017.

pdf). A peak-to-background ratio of approximately 1300:1

was determined.

3.2. Count rate and dead-time

Like in any SDD detector, the accumulating charge has to

be periodically reset in order to prevent saturation of the

anode. The current version of the detector was operated with

a constant reset frequency that could be modified by the

operator. At high count rates, typical at synchrotron sources,

the required high reset rate causes a significant dead-time that

may limit the obtained count rate. In order to evaluate the

optimal reset time of the detector/pulse processor system,

we varied the reset frequencies from 3 kHz to 160 kHz and
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Figure 1
(a) CAD drawings of the Rococo 2 detector. The active area (4 �
15 mm2) of the detector is depicted in the inset. The thickness of the
active elements is 450 mm. It is equipped with a 1 mm Mylar window and
a zirconium mask (21.8 mm � 19.3 mm � 0.4 mm) and optimized for a
2 mm sample distance (solid angle = 1.1 steradian), which corresponds to
a working distance of �6 mm (courtesy of PNDetector, Munich,
Germany). (b) Mounted Rococo 2 detector on the XYZ-manipulator.
The manipulator can be directly attached to the vacuum chamber. The
structure in blue is a flexible vacuum bellow. (c) Cryogenic vacuum
chamber at the P06 beamline with the integrated Rococo 2 detector on
the XYZ-manipulator (red circle).



determined the effective count rate. Fig. 3 shows the sum of all

detected counts during the acquisition time of 1 s summed

across all four channels. The dark bars represent the counts

recognized by the pulse processor with automatically

subtracted background, while pile-up peaks were still

considered in the analysis. The obtainable count rate increases

towards higher reset frequencies about tenfold from 3 kHz

to the maximum at 60 kHz, where a count rate of 4.7 �

106 counts s�1 was reached. At this reset frequency, a dead-

time of 107 ms (11%) can be estimated. For frequencies lower

than 60 kHz, the lower count rate is due to the saturation of

the respective anodes of the active elements before reset. For

frequencies above 60 kHz, the count rate again decreases due

to the dead-time caused by the reset, each one taking 1.775 ms,

which means that the total reset pulse dead-time per second

increases from 5.33 ms at 3 kHz (5%) to 107 ms at 60 kHz

(11%) to 284 ms at 160 kHz (28%). Additionally, an increase

of the reset frequency leads to a decrease of the voltage ramp

step length on the time axis. If the step length is shorter than

the process time Tp, the photon event will not be counted.

Hence, at increasing reset frequencies, the proportion of

rejected events will increase as well, leading to an overall

decrease of counted events. Also, the reduction of the step

length leads to worse averaging of the voltage noise, which in

return can lead to a broadening as well as energy shifts of the

measured elemental signal peaks. To a small extent, this was

already visible in the spectra we measured at the reset

frequency of 60 kHz. In particular, we noticed a general

energy shift of the elemental peaks of �10% as well as a

broadening of the higher energy side of the peak. The shift was

easily accounted for using a linear correction. A new version

of the XRF Rococo 2 detector with automated peak-reset unit

is currently in development and will soon be integrated.

3.3. 2D Scans of cryogenically analyzed HeLa cells attached
to a silicon nitride membrane

For a further characterization of the detector for trace metal

analysis and to demonstrate the capabilities of the setup, HeLa

cells prepared by rapid plunge-freezing were investigated in a

frozen-hydrated state. 2D XRF scans of frozen hydrated HeLa

cells were obtained in continuous-scanning mode, but only

three out of the four channels were used for detection as the

fourth one was used for diagnostic purposes during the scan-

ning process. Two-dimensional maps were created in order

to reveal the distribution of the detected elements (see

Section 2.2). As exposure time per pixel, a value between 0.03

and 0.1 s was typically sufficient to obtain a sufficient count

rate. This led to total scanning times of �10 min for a

50 mm � 50 mm scan with a 400 nm pixel size and an exposure

time of 0.03 s per pixel. In Fig. 4, XRF maps of selected

elements of physiological interest (potassium, calcium,

chlorine, phosphorus and sulfur) of typical HeLa cells are

shown. The scanned area is 88 mm � 72 mm with an exposure

time of 0.03 s and a pixel size of 400 nm. The total acquisition

time was 30 min for the shown scan. The corresponding line

profiles across the HeLa cells are provided in Fig. S1 of the

supporting information. All elements shown in Fig. 4 except

for chlorine show an elevated signal inside the two HeLa cells

compared with the extracellular surrounding, with the map of

potassium displaying the highest dynamic range of 60 :1. The

obvious steep gradient of potassium across the cell is a strong
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Figure 3
Left axis: detected events by the Rococo 2 detector summed over all four
elements over the entire spectrum at different fixed reset frequencies. The
acquisition time was 1 s. Right axis: total reset pulse dead-time for the
corresponding frequencies. The frequency areas in which either
saturation or the pulse dead-time was the major limiting factor for the
count rate are marked.

Figure 2
Energy resolution test of the individual four active elements of the
detector using a 55Fe radioactive source emitting the Mn K characteristic
lines at 5.9 keVand 6.5 keV. The inset shows that the K� signal of the four
segments is very similar.

Table 1
Corresponding FWHM values derived from Gaussian fits of the Mn K�
signal in Fig. 2.

Channel FWHM (eV)

Channel 0 128.5 � 0.8
Channel 1 129.1 � 0.9
Channel 2 128.8 � 1.0
Channel 3 128.5 � 0.8
Mean 128.7 � 0.9



indication that the cell membranes are still intact. The signal

intensity in the element maps is roughly uniformly distributed

inside the cells with a lower intensity towards the cellular

periphery. This was expected since the thickness of the cells

decreases towards the edges. The concentration of chlorine, on

the other hand, appears to be lower inside the cells compared

with the surrounding area. The chloride concentration in the

PBS medium used during shock freezing is known to be

143 mM. Under the assumption that the chloride concentra-

tion gradient across the cell membrane must be nearly the

same (in the opposite direction) as the K+ concentration

gradient, and under the likely assumption that the resting

potential across the membrane is undisturbed (supported by

the shown images, especially K), the chloride concentration

inside the cells [according to Hodgkin & Horowicz (1959)]

should be approximately 7.5 mM, which is much lower than

that in the surrounding medium. The lower intensity of the Cl

signal within the cells is thus caused by the volume occupied

by the cell with a lower chloride concentration. Using the

method described in Section 2.2, we could determine an ice

thickness of 17.4 mm at the position of the cells (compared

with a typical cell height of 8–10 mm), while outside the cells

an ice thickness of 16.5 mm could be determined. In general,

the variance of the ice thickness throughout the scan was very

low and local differences were below 1 mm. Since the ratio of

the chloride signal intensity inside the cell to the chloride

signal intensity outside the cells in the Cl map in Fig. 4 is

smaller than expected from the literature concentrations

mentioned above (1.22 versus 19), one can conclude that the

cells must be completely covered with ice with the chloride

signal originating mostly from the intact and closed ice layer

above the cells.

In Fig. 5, a sum spectrum obtained over 100 pixels in the

middle of another HeLa cell is shown on a log scale (top) and

on a linear scale (bottom). The incoming photon flux was 5.7�

109 photons s�1 and the total acquisition time for the spectrum

was 10 s (100� 0.1 s). Typical relevant biological elements like

phosphorus, sulfur, chlorine and potassium are visible in

the spectrum. The fluorescence energy of the light elements

aluminium, sodium and even oxygen can be clearly resolved

in the spectrum. Thus, a minimal lower energy threshold of

0.5 keV can be estimated for the Rococo 2 detector under

optimal conditions. For the elements Cl, K, Cr, Fe, Cu and Zn,

the K� signal can be seen in the logarithmic plot in addition

to the K� signal. The calcium signal is overlapped by the more

pronounced potassium K� signal. The silicon signal in part

arises from the silicon nitride membrane which was used as

sample support for the HeLa cells. In addition, the transition

metals iron and copper are clearly visible in the spectra of

the Rococo 2 detector but are homogeneously distributed

throughout the scans without any correlation to the cell

morphology in the XRF maps. The metal signals could be
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Figure 4
XRF single element maps (180 � 221 pixels per map) obtained from HeLa cells with corresponding light microscopic image. The scale bar for the XRF
maps and the light microscopy image is 20 mm. The color bar to the right of the XRF maps represents the total integrated counts of the detector per pixel
during the selected acquisition time. The XRF maps were recorded with a 400 nm pixel size and an exposure time of 0.03 s. The total scanning duration
was 30 min.



caused by X-rays scattered from the amorphous ice that

interact with metal parts in the sample holder, by impurities in

the sample holder or deposits from cell culture. As the sample

holder is made of copper, the excitation of XRF of these metal

parts by X-rays scattered at imperfections in the vitreous ice

matrix is the most probable explanation.

Peak heights of 722 counts s�1 and 803 counts s�1 could be

determined for the K K�-peak and for the Si K�-peak. The

peak-to-background ratio of the peaks, which was derived

using an averaged background from 4 keV to 5 keV in the

spectrum, is 241 :1 for K and 269:1 for Si, and hence is lower

than the ratio 1300 :1 obtained with the 55Fe radiative source.

The lower peak-to-background values as compared with the

benchmark measurements above are most likely due to the

attenuation of the XRF signals in the ice matrix, which is

significant in particular for the light elements. In addition, the

background in the HeLa cell spectrum is elevated in the

regime from 4 keV to 5 keV due to the contribution of the

Compton scattering. The discussed properties derived from

the spectrum in Fig. 5 are summarized in Table 2.

In the case of the presented data, only three of the four

readout channels were used for data acquisition as the fourth

one was used for diagnostic purposes. A further detector

signal increase by a factor of 1.33 is expected with the full

active area of 60 mm2 for all shown and discussed HeLa

cell spectra.

In order to estimate the detection limit of the Rococo 2

detector for trace element analysis, an XRF spectrum on a thin

film XRF reference sample (AXO Dresden, Germany) was

obtained, from which a trace detection limit between 50 and

95 parts per million could be estimated (see Fig. S3 of the

supporting information).

4. Discussion and conclusion

A new Rococo 2 X-ray fluorescence detector was introduced

at the P06 beamline at DESY. The Rococo 2 is equipped with

an active area of 60 mm2 and enables a solid angle up to

1.1 steradian. Combined with high count rates and energy

resolution the Rococo 2 provides high-quality measurements

on biological, cryogenically prepared samples in a high-

throughput process. In the first laboratory test a mean energy

resolution of 128.7 � 0.9 eV and a peak-to-background ratio

of �1300:1 could be measured over all four readout channels

using a 55Fe radioactive source. A maximum count rate of

4.7 � 106 counts s�1 could be achieved at a reset dead-time of

107 ms (11%). As biological test system for trace element

analysis, rapid plunge-frozen HeLa cells were imaged under

cryogenic conditions using the new Rococo 2 detector. Here

we used the detected signals of two different elements, silicon

and potassium, to estimate the properties of the Rococo 2

detector. We detected a peak-to-background ratio of 241 :1 for

potassium and 269:1 for silicon with a FWHM of the potas-

sium peak of 113 eV.

Particularly when compared with the recent setup at our

chamber using a conventional SDD module with an active

area of 50 mm2 and a relatively low acceptance angle of

0.066 steradian (due to a larger sample-to-detector distance),

the new detector offers a much larger acceptance angle of

1.0 steradian at a z distance of 3 mm, leading to a reduction of

measurement time by a factor of �30. The additional benefits

of the new implementations are the large dynamic range and a

high signal-to-noise ratio. In Fig. S2 of the supporting infor-

mation a comparison between the XRF spectrum in Fig. 5 and

an XRF spectrum of a similar HeLa cell acquired with the old

detector setup is shown.

The Rococo 2 detector with the ability to deliver high count

rates and its high sensitivity and energy resolution enables
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Figure 5
XRF sum spectrum over 100 pixels obtained with the Rococo 2 detector
on a single HeLa cell, in log scale (top) and in linear scale (bottom). Total
exposure time was 10 s. The spectrum was collected in a focus size of
300 nm� 300 nm of the X-ray beam using an excitation energy of 12 keV.

Table 2
Signal properties of the Rococo 2 detector as determined from the
spectrum in Fig. 5.

HeLa cell (Fig. 5)

Peak height, K (counts s�1) 722
Peak height, Si (counts s�1) 803
Background (counts s�1) 2.99
Peak-to-background ratio, K peak 241
Peak-to-background ratio, Si peak 269
FWHM K peak (eV) 113



intracellular metal analysis and the scanning of large areas of

tissue or cells in a high-throughput approach with minimal

scanning durations. Particularly for the analysis of samples

which need to be kept in a native state but chemical fixation

and staining are not an option, the improved cryogenic

environment with the Rococo 2 detector at the microprobe

branch of the P06 beamline under vacuum provides a unique

analysis opportunity for researchers from biology.
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