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A B S T R A C T

In this paper we present a novel method, based on the recently developed GEMPix detector, to measure the 55Fe
content in samples of metallic material activated during operation of CERN accelerators and experimental
facilities. The GEMPix, a gas detector with highly pixelated read-out, has been obtained by coupling a triple Gas
Electron Multiplier (GEM) to a quad Timepix ASIC. Sample preparation, measurements performed on 45
samples and data analysis are described. The calibration factor (counts per second per unit specific activity) has
been obtained via measurements of the 55Fe activity determined by radiochemical analysis of the same samples.
Detection limit and sensitivity to the current Swiss exemption limit are calculated. Comparison with
radiochemical analysis shows inconsistency for the sensitivity for only two samples, most likely due to
underestimated uncertainties of the GEMPix analysis. An operative test phase of this technique is already
planned at CERN.

1. Introduction

The operation of particle accelerators and experimental facilities
generates activated equipment and material which, when no longer in
use, become radioactive waste. This mostly weakly radioactive waste is
usually stored ad interim at the facility premises (to allow for radio-
active decay, sorting, conditioning and characterization), before it is
sent to a national repository. The waste must be radiologically
characterized as the repositories usually require the full radionuclide
inventory before it is accepted. Radioactive waste from particle
accelerators is mostly made of metallic components coming from
accelerators, experimental apparatus, ancillary equipment and sur-
rounding infrastructures. Both nuclear power plants and research
laboratories, among which CERN, characterize low-level and very-
low-level activity waste by exploiting the relationship between easy-to-
measure (ETM) nuclides (gamma emitting nuclides whose radioactivity
can be readily measured directly by non-destructive assay means), and
difficult-to-measure (DTM) nuclides (radionuclides whose radioactivity
is difficult to measure directly from outside of the waste package by
non-destructive assay means) [1,2]. Some of them are impossible-to-
measure (ITM) even in a laboratory. The scaling factor (SF) method is
an approach used to evaluate these DTM and ITM nuclides [3]. A
scaling factor is the mathematical relationship between the activity of a

DTM or ITM and the activity of some ETM key nuclides (KN). The
activities of DTM nuclides in waste packages are estimated by
measuring the gamma emitting KNs through gamma-spectrometry
measurements from outside the package and applying the SFs to
calculate the DTM activities. The SFs can be obtained via experimental
measurements (sampling, experimental scaling factors) and through
analytical or Monte Carlo calculations (theoretical correlation coeffi-
cients).

At CERN, the DTM and ITM radionuclides are discriminated
depending on their contribution to the Indice Radiologique
d′Acceptation en Stockage (IRAS), which is a hazard factor defined
by the French National Agency for Radioactive Waste Management
(ANDRA) to establish criteria for waste acceptability in final reposi-
tories [4]. The radionuclides that contribute for more than 1% to the
IRAS are directly measured (direct ETM measurement and Scaling
Factors for DTMs) otherwise they are estimated using the Correlation
Method (ITMs) [5]. The 55Fe radionuclide is a DTM radionuclide
present in iron and steel radioactive waste, and therefore it must be
measured according to the specific characterization procedure [5].

The activity limit of 55Fe for the disposal of waste as very-low-level
radioactive waste (“très faiblement actif” – TFA) towards the French
repository is 10 kBq/g (if 55Fe is the only radionuclide present in the
waste). The declaration limit, i.e. the activity limit above which 55Fe
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must always be declared in France is 10 Bq/g [4]. The current
exemption limit of 55Fe for clearance of materials according to the
Swiss legislation is 30 Bq/g [6]. This exemption limit will be increased
to 1 kBq/g with the introduction of the new legislation.1

The 55Fe radionuclide is currently assessed at CERN in the TFA
waste by means of radiochemical analyses on waste samples. After
collection and tracking, the samples are shipped to external companies
to perform the analysis. A typical delay time is about 2 months for the
work performed by the company, including sample preparation (cut-
ting and acid digestion) and liquid scintillation counting. Thanks to the
separation of the chemical elements, the scintillation technique reaches
a detection limit for 55Fe in metals of about 0.3–0.5 Bq/g [7].

Apart from radiochemical analysis, there are a number of options to
detect the characteristic 5.9 keV X-rays from 55Fe.2 For example:

1. Si detectors (Si-PIN or SDD), which provide an excellent energy
resolution, between 125 and 200 eV FWHM (2–3%), typically for an
active area of few tens of square millimeters.3

2. Scintillation detectors, e.g. NaI(Tl) with a thin entry window for the
soft X-rays [8]

3. Gaseous detectors, as proportional chambers or Micropattern
Gaseous Detectors (MPGD), which give a large effective area (tens
of cm2) and an energy resolution of about 20% FWHM at 5.9 keV.

In this work we have developed a measurement procedure using a
novel MPGD detector called GEMPix [9].

2. The GEMPix detector

The GEMPix is a novel detector obtained by coupling two CERN
technologies, a small triple Gas Electron Multiplier (GEM) detector
(3×3×1.2 cm3 active volume) to a quad Timepix ASIC with 262,144 pixels
of 55×55 µm2 area for readout (Fig. 1).

GEM detectors are a relatively recent innovation in detector
technology invented at CERN by F. Sauli in 1996 [10]. The basic
element is a GEM foil, which consists of a 50 µm thick insulating
Kapton layer electroplated with a conductive metal on both sides. Small
holes are then etched in this foil and a voltage is applied across it. This
produces electrical fields as high as 100 kV cm−1 inside the holes.
When an electron traverses the hole, avalanche multiplication takes
place giving approximately 20 secondary electrons4 for each primary
electron (the exact value depends on gas density, gas mixture and
applied electric field). The triple GEM configuration used in the
GEMPix has gains in the range of 102–104. In the GEMPix the GEM
foils are held rigid by gluing them to a frame, and the electrodes
supplying the high voltage are arranged to avoid discharges onto the
wire bonds of the Timepix readout. On top of the GEM/Timepix region
is a 12 mm thick drift volume, topped with a Mylar cathode metallized
with a thin aluminum layer (approximately 18 µm in total of which
1 µm is the aluminum layer).

A continuous flow of an Ar:CO2:CF4 (45:15:40 ratio) gas mixture is
supplied externally at a rate of 3 l/h.5 The whole system is made

sufficiently gas tight with a thin layer of epoxy resin. An HVGEM unit
[11] controls seven electrical fields (one per GEM foil, two charge
transfer fields, an induction field and a drift field), shown schematically
in Fig. 2. Except where otherwise noted the chamber is operated at a
gain G=3×103 corresponding to a total applied voltage to the GEM foils
of 1240 V (~450 V per foil) [12] and a drift field of 0.66 kV cm−1. The
quad Timepix is mounted on a bespoke quad PCB, and read out using
the FITPix system [13] and accompanying Pixelman [14] software.

The Timepix [16] is a pixelated silicon detector developed by the
Medipix Collaboration [17,18]. It is based on a read-out chip consisting
of a 256×256 pixel CMOS ASIC to which different pixelated semi-
conductor sensors are normally bump-bonded. It has seen wide
applications in particle tracking [19,20], as an educational tool
[21,22] and in dosimetry [23,24]; it is currently commercially available
from various companies. In this application, however, we use a 2×2
array of chips (for a total of 512×512 pixels) without silicon sensor as
readout for a triple GEM detector. Each pixel measures 55×55 µm2.
The salient feature of the Timepix is that the processing electronics for
each pixel, including a preamplifier, discriminator threshold (set at a
minimum value of about 1000 electrons for noise free operation) and
13.5 bit pseudo-random counter (counts up to 11,818) fit inside the
footprint of the overlying semiconductor pixel. The Timepix contains a
global clock which is operated at 48 MHz.

One of three modes can be used for each pixel: Counting (Medipix),
Time Of Arrival (TOA) and Time Over Threshold (TOT). The mode that has
been used for this measurement is the TOT mode. In this mode whenever
the pulse is above threshold the pixel counts until the pulse is low again.
This allows each pixel to act as a Wilkinson type ADC measuring the
discharge time of the preamplifier (i.e. the time spent over the threshold).
Fig. 3 shows schematically how the TOA and TOT modes of operation
work. The Timepix operates with a frame based readout. This means that
the chip possesses a digital shutter, and the pixels only count when the
shutter is open. After the shutter closes the Timepix is then read out before
acquiring a new frame.

The FITPix system and the accompanying Pixelman software are used
to readout the GEMPix. The Pixelman can be run using Python scripts that
define the main parameters (thresholds, polarity, trigger type, etc.),
initialize the detector and perform the frame readout, typically with a time
gate of 1 s. There is also the possibility to use an algorithm inside the
Python script to perform an online cluster analysis for a better analysis of
the particle interacting in the drift volume. Fig. 4 shows a frame picture
taken with 1 s time gate, in which the clusters produced by 5.9 keV X-rays
coming from 55Fe and the tracks produced by Compton electrons or cosmic
rays can be easily distinguished.

3. Experimental technique

55Fe is a radioactive isotope of iron decaying by electron capture to
55Mn with a half-life of 2.7 years. The electron capture is followed by
emission of the characteristic 5.9 keV X-rays. Due to their low-energy,
the photons are strongly absorbed within a few µm of the material. On
the other hand, radionuclides such as 60Co, 54Mn, 44Ti emitting
photons of higher energies and therefore longer attenuation lengths,
are usually present together with 55Fe in activated metallic waste. A
direct measurement of the X-rays of 55Fe thus requires a drastic
reduction of the sample thickness in order to decrease the gamma
background. For this purpose, the samples need to be ground and a
thin layer of metallic powder shall be used for the measurements with
the GEMPix.

This can be shown by calculating the self-attenuation of a sample when
measuring the 55Fe X-rays with an underlying background of 60Co photons.
Two simplifying assumptions are made: first, the problem is one-dimen-
sional such that geometrical effects are neglected. Second, 55Fe is equally
distributed in the sample such that the emission probability is position-
independent in the sample. The same assumption holds for 60Co. The ratio
of number of photons escaping from the sample over number of photons

1 New limits to be introduced in the process of the general revision of the Swiss
regulations concerning radiation protection: http://www.bag.admin.ch/themen/
strahlung/02883/03200/index.html?lang=fr.

2 A concise review of detectors for X-rays can be found in the X-Ray Data Booklet, Sec.
4.5, available on-line http://xdb.lbl.gov/Section4/Sec_4-5.pdf

3 As an example of off-the-shelf X-ray detectors: http://amptek.com/x-ray-detector-
selection-guide/.

4 This number is the effective multiplication per GEM foil, taking into account that
some electrons are captured by the lower side of the GEM foil. The triple GEM
configuration with a rather low gain per foil was chosen in order to achieve a reliable
system without discharges.

5 Other, cheaper gas mixtures such as Ar:CO2 could be used instead. However, the fast
drift velocity of Ar:CO2:CF4 is needed in other applications of the GEMPix to reduce the
lateral electron diffusion and therefore to increase the cluster analysis performance [15].
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emitted in the sample is then described by:
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where t is the thickness of the sample, x is the depth inside the sample
and λ is the attenuation length of the x-rays or γ-rays photons in the
sample material.

For an iron sample with a thickness of 1 cm, only 0.15% of the 55Fe
X-rays but 81% of the 60Co photons escape from the sample.6 However

if the sample thickness is reduced to 100 µm, 15% of the x-rays and
almost 100% of the 60Co photons escape from the sample. Therefore,
the signal-to-background ratio increases approximately by a factor of
80 (from 0.0019 to 0.15, assuming equal activity for 55Fe and 60Co and
modeling the detector as a fully efficient counter without any energy
resolution). Fig. 5 shows the fraction calculated by Eq. (1) for 6 keV
photons for different sample thicknesses.

The operational procedure is the following. A piece of metal from
the waste to be examined is selected and cut. This sample is put in a
milling machine to produce about 1 g of powder and for this purpose
two different tools have been used, a DEKEL FP4M and a modified
Astoba. The typical parameters used for the powder production are:
rotation velocity of the pin: 400 rot/min, advance velocity: 400 mm/
min, cutter: MTC TiAIN 6 mm Garant (ref SFS 205712 6°). Another
method is presently under investigation using a drill with a conical file
to produce the powder.

The sample powder is filtered with a 0.5 mm mesh and placed in a
plastic container with dimension 4×4×1 cm3, attached to its bottom
with a double-sided tape, and then gently beaten with a tool (parallel
punch) to improve the adhesion of the powder to the bottom of the
container. The extra powder is finally removed. The final thickness of
the sample is around 100 µm.7 Fig. 6 shows the filled sample container.

The experimental setup is schematically shown in Fig. 7. The

Fig. 1. The GEMPix detector: (1) external gas supply, (2) external HV connector, (3) Mylar window, (4) frame to hold the GEM foils, (5) FITPix readout.

Fig. 2. The schematic of the detector including the principle dimensions and transport
fields (ED=drift field, ET=transfer fields, EI=induction field) [15].

Fig. 3. The TOT mode in the Timepix ASIC measures the time elapsed while the preamp
output is high against the threshold discriminator. The TOA mode measures the time
from when the preamp goes high against the threshold until the end of the acquisition
frame [15].

Fig. 4. The online event display of a frame acquired with a time gate of 1 s.

6 Attenuation lengths in iron are 15 µm for 6 keV photons and 2.34 cm for 1.25 MeV
photons. These values are calculated using mass attenuation coefficients and the density
of iron in NIST data [25]. Tabulated values are available only for certain energies,
therefore values for 6 keV and 1.25 MeV are used for 55Fe (5.9 keV X-Rays) and 60Co
(1.17 and 1.33 MeV photons) respectively.

7 This is an approximate average value. The average value has to be smaller than the
mesh size but it is difficult to determine due to fluctuations in the grain size and grain
shape.
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detection gas (Ar:CO2:CF4, 45:15:40) is supplied by a 50 l bottle
equipped with a gas adaptor to reduce the pressure from about
150 bar to about 1 bar. A flowmeter controls the gas flow which is set
at 3 l/h. High Voltage (1240 V) is supplied by a NIM Module HVGEM
and controlled by a Labview programme. A low voltage supply for the
GEMPix (3.3 V) is also necessary. The GEMPix data are acquired by the
FITPix module [13] and read out by the Pixelman software (Fig. 8),
which includes a Python plugin for code development [14]. The
GEMPix detector is placed in a lead shielding box to reduce the
background produced by ambient gamma rays.

The actual search of the 55Fe content in a metallic sample consists
of four separate measurements: 1) calibration of the system using a
source of 55Fe to define the energy window for counting (next section);
2) X-ray counting of the sample; 3) calibration measurement to define
the energy window for counting for the background measurement; 4)
measurement of the gamma background from the sample. This is
obtained by placing a thin layer of aluminum (approximately 100 µm
thick corresponding to 3 attenuation lengths for 6 keV photons8)
between sample and detector to absorb the 5.9 keV photons.
Standard acquisition parameters set in Pixelman are: one second per
frame, threshold of 36 counts,9 software trigger (500 events), ToT
mode, internal clock set at 48 MHz and 7200 frames (2 h) for the
sample and background measurements. The calibration measurements
for sample and background both last 10 min.

4. Data analysis

4.1. Online analysis

A window in the acquisition software displays the main statistics of the
X-ray spectra and the time evolution of the measurements. The output of
the cluster analysis is saved in a file event by event. Nineteen parameters
are saved including event time, number of clusters per event, cluster type,
cluster size, cluster position and total charge. Two cuts are applied in the
analysis (online and offline) using some of these parameters: only clusters
‘heavy blobs’ are used and clusters at the edges of the chips are discarded.
Heavy blobs are the typical clusters produced in the GEMPix by low energy
X-rays. They fulfill the following criteria10 [26]:

• Minimum inner pixel count: 4

• Minimum ratio of inner and border pixels: 0.5

• Maximum deviation from perfect circle11: 1.2

Clusters at the edges of the readout chips are discarded since they
might not be fully contained in the chip and therefore their measured
parameters can be incorrect. Also, edge effects of the quad Timepix
ASIC exist which require an increased discard region at the edges.
Therefore clusters must fulfill the following position conditions:

• 25 < centx < 246 or 266 < centx < 487

• 25 < centy < 246 or 266 < centy < 487

where centx (centy) is the x (y) coordinate of the centre of the cluster
position in pixel count.

4.2. Offline analysis

Fig. 9 shows the energy spectrum of a measurement with a 55Fe
source. An energy resolution of about 20% FWHM is typically achieved.
A Gaussian function is fit to the data obtained from the calibration
measurement with a source. Mean and sigma of this fit define the
counting interval for the analysis of the sample and background
measurements: only events within the range “mean ± 2 sigma” are
taken into account. Fig. 10 shows the energy spectrum of a sample
measurement.
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Fig. 5. Fraction of escaped over emitted 6 keV photons versus sample thickness. The corresponding fraction for 1.25 MeV photons (60Co background) is larger than 98% for the shown
thickness range. The plotted value is thus approximately equal to the expected signal-to-background ratio.

Fig. 6. The plastic container with the sample powder attached on the bottom.

8 Attenuation length in aluminum is 32 µm for 6 keV photons. This value is calculated
using the mass attenuation coefficient and the density of aluminum in NIST data [25].

9 This is equal to an energy threshold on the order of 100 eV.

10 Using default settings in Pixelman.
11 Defined as ratio of diameter calculated from cluster size and maximum distance

within the cluster.
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5. Samples, radiochemical analysis and GEMPix results

A total of 45 activated steel samples were selected to characterize
the technique. Each sample was divided in two pieces: one was sent to
an external company for radiochemical analysis (AMEC [27]), the other
was reduced to powder as described above and measured with the
GEMPix.

A correction was applied to the radiochemical results in order to
take into account the radioactive decay of 55Fe due to the time
difference between the GEMPix measurements and the radiochemical
analysis. Most of the GEMPix measurements lasted 7200 s (2 h), the
others were normalized to this duration. The shortest measurement
lasted 5700 s. The background was measured as described above for 16

samples with high expected background. For the other samples, an
estimated background of 50 counts in 7200 s is used instead. This is
based on the fact that the lowest measured background in 7200 s is 42
counts, which implies that the true mean value of the lowest back-
ground is somewhat larger. Furthermore, the estimation of 50 counts
leads to an offset in the fit of the calibration curve (Fig. 11) that is
compatible with zero. For the GEMPix analysis, only statistical
uncertainties on the number of counts are taken into account.

The GEMPix net counts per second (cps) are plotted against the
corresponding radiochemical results in Fig. 11. An error-weighted linear
fit is used to provide the conversion factor between GEMPix cps and the
declared specific activity from the radiochemical analysis (Bq/g).
The slope of the fit provides the calibration factor for the GEMPix:

Fig. 8. The Pixelman console [14] showing the 55Fe X-rays observed online during the acquisition.

Fig. 7. Measurement setup.
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Fig. 9. Energy spectrum recorded with a 55Fe calibration source. Peaks are due to 55Fe x-rays (5.9 keV) and Argon escape/fluorescence (2.9 keV/3.0 keV). Here, events within (5910 ±
1077) eV would be counted in the sample and background measurements.
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Fig. 10. Energy spectrum of a sample measurement. Only events within the energy window defined by the source measurement are counted.
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Fig. 11. GEMPix counts per second versus specific activity as determined by the radiochemical analysis. The slope of the linear fit provides the conversion factor: 1645 ± 38 (Bq/g)/
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The bad quality of the fit (χ2/ndf=272/43) is explained by an
underestimation of the uncertainties on the GEMPix counts, since only
statistical uncertainties are considered.

Fig. 12 shows the distribution of the difference in units of the sum
of the uncertainties of the two methods. The uncertainties of the two
methods are added linearly to obtain the uncertainty on the difference.
A Gaussian distribution is expected. The obtained distribution is well
fitted by a Gaussian, but the sigma of the fit is larger than 1 and there
are some outliers up to 7 sigmas. This indicates most probably an
underestimation of the uncertainty, due to the fact that uncertainties
on the GEMPix results are small compared to those of the radio-
chemical analysis since only statistical uncertainties are taken into
account.

6. Sensitivity of the technique, detection limit, confidence
levels and uncertainties

In this section, a Confidence Level (C.L.) of 95% is chosen for all
calculations. As an example, the sensitivity to a 30 Bq/g limit is
calculated as this value is the current Swiss exemption limit for 55Fe.
The measured background is not independent of the sample itself since
there is a non-negligible contribution from other radionuclides present
in the sample. Fig. 13 shows the distribution of the background
measured for 16 out of 45 samples.

Detection limits of the technique are calculated depending on the
background using Poisson statistical methods. The 95%-C.L. single-
sided upper limits for each number of background counts is calculated
according to [28]: for count numbers, n, smaller than 51 the upper
limit is taken directly from a table provided in [28], for larger count
numbers the upper limit, u.l., is approximated by a formula given in
[28] (12):

⎛
⎝⎜

⎞
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. . = ( + 1) 1− 1

9( +1)
+ 1. 65

3 +1

3
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Fig. 14 shows the resulting upper limits for each number of
background counts. These upper limits are interpreted as the detection
limit above which 55Fe content is detected. For example, if 100
background counts and 110 (150) total counts are measured, the result

is (is not) compatible with the background-only hypothesis at 95% C.L.
Fig. 15 shows the detection limit as an activity for each number of
background counts. The detection limit is well below 10 Bq/g for all
background counts of the 45 samples. Note that this is only the
statistical detection limit. This detection limit is not reached in practice
due to larger systematic uncertainties.

Fig. 16 compares the GEMPix results with the calculated detection
limit. Also, the total number of counts for a sample with an activity of
30 Bq/g is calculated for each number of background counts. For this,
the activity of 30 Bq/g is converted to number of counts using the
calibration factor and the number of background counts is added. The
95% C.L. single-sided lower limit for the exemption limit plus back-
ground is calculated using the tables provided in [28], Eq. (2) for the
upper limit for more than 50 counts, and the following Eq. (3)13 for the
lower limit, l.l., in case of more than 50 counts, n.

⎛
⎝⎜

⎞
⎠⎟l l n

n n
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9
− 1. 65

3

3

(3)

Thus, if a data point is:

• Below detection limit, the total number of counts is compatible with
the background only hypothesis.

• Above detection limit, the background only hypothesis is ruled out
and we infer that there is some 55Fe content in the sample.

• Below the lower limit of the exemption limit, the activity of the
sample is less than 30 Bq/g.

• Above the lower limit of the exemption limit, we cannot exclude an
activity larger than 30 Bq/g.

All statements are at 95%-C.L.
Furthermore, Fig. 16 shows a comparison with radiochemical

analysis with different marker styles and colors. If a data point is a:

• Red upwards pointing triangle: the activity of the sample measured
by radiochemical analysis is larger than 30 Bq/g minus its uncer-
tainty at 95% C.L.

• Green downwards pointing triangle, the activity of the sample
measured by radiochemical analysis is smaller than 30 Bq/g minus
its uncertainty at 95% C.L.

Results of the radiochemical analysis and of GEMPix are inconsistent
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Fig. 12. Comparison between results of radiochemical analysis and GEMPix analysis in units of their uncertainties and a Gaussian fit to the distribution.

12 Eq. (9) in Ref. [28]. 13 Eq. (12) in the reference.
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Fig. 13. Distribution of the background measured for 16 samples.
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Fig. 14. The upper limits are calculated for each number of background counts (red points). Above this limit, the detector is sensitive to 55Fe. Below this limit, in the shaded area,
background only cannot be excluded. The vertical lines show the maximum background counts for a stated fraction of the measured samples (numbers above the lines). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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this, in the shaded area, background only cannot be excluded. The vertical lines show the maximum background counts for a stated fraction of the measured samples (numbers above the
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for two of the 45 samples: for sample B the GEMPix states an activity
above 30 Bq/g while the radiochemical analysis states an activity below
30 Bq/g. The results for sample A show the inverted situation. Thus,
sample A would be falsely declared to have an activity below the
exemption limit. However, it is expected that a complete uncertainty
investigation of the GEMPix would result in larger uncertainties. The
probability to falsely state that an activity is below 30 Bq/g would be
decreased. At the same time, a larger uncertainty on the GEMPix results
will correspondingly reduce the sensitivity. This is less problematic for
larger exemption limits since the majority of 55Fe samples typically has a
rather low activity. The future Swiss exemption limit will be 1000 Bq/g.

The complete analysis presented in this section is limited by the fact
that only statistical uncertainties on the counting are considered. An
investigation of other uncertainties is necessary before defining opera-
tional limits with respect to the Swiss exemption limit. Sources of other
uncertainties include sample preparation, stability of the GEMPix and
positioning of the samples below the GEMPix.

7. Improvement on gain stability and HV correction of the
GEMPix

A procedure for a more stable operation of the detector has been
implemented: ambient conditions – pressure, temperature and humid-
ity – are monitored and the detector HV is corrected to obtain a stable
gain. This procedure increases the gain stability of the detector.

A sensor to measure pressure, temperature and humidity has been
installed inside the detector. Fig. 17 shows this sensor mounted on the
GEMPix readout board. Data recorded by the sensor are used to correct
the High Voltage of the GEMPix and thus ensure a more stable GEM
gain. First, data are acquired without any HV correction using a 55Fe
source. An exponential dependence of the peak position on tempera-
ture/pressure (T/P) is expected, as described for example in [29].
Fig. 18 shows measured peak positions for different T/P values and an
exponential fit to the data.

To calculate a correction formula for the detector HV, it is necessary
to know the dependence of the 55Fe peak position on the HV. This is
measured by performing a gain scan. Fig. 19 shows the results and an
exponential fit that describes this dependence. In an attempt to cover a
large range of the possible gain values also for other applications, not
only a 55Fe source but also a 241Am source was used. The determina-
tion of the energy deposition and thus TOT counts is more difficult for
241Am (α-source) than for 55Fe (X-ray source). Also, the measurement

for the lowest gain for the 55Fe-source (at 1135 V) is difficult since the
55Fe peak is almost in the noise. This results in a very poor fit quality.
However, the model fits better in the region of interest for this
technique (at 1240 V) and only the slope is used, as explained below.

A correction formula for the applied voltage, V, is derived by using
the following two equations:

TOT T P TOT
p p T P

′( / ) = 5. 9keV*
0* exp ( 1* / ) (4)

TOT V A B V′( ) = * exp( * ) (5)

Fig. 16. GEMPix raw versus background counts (data points) of the samples are compared with the detection limit (solid red line, compare Fig. 14) and the Swiss exemption limit of
30 Bq/g plus background (black dashed line). Solid black line shows 95%-C.L. lower limit of the exemption limit plus background. Radiochemical analysis results are encoded for sample
data points: red upwards (green downwards) pointing triangles denote activity plus uncertainty at 95%-C.L. above (below) exemption limit. Some samples are out of range on the y-axis
of this plot but they are well above the detection limit and all are correctly assigned to have an activity larger than 30 Bq/g. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 17. Sensor for pressure, temperature and humidity (white circle) installed on the
GEMPix readout board. The sensor is read out via USB.
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Eqs. (4) and (5) are set equal, since TOT T P TOT V′( / ) = ′( ). The
comparison of the two equations thus yields:

⎛
⎝⎜

⎞
⎠⎟V

B
keV TOT
A p

p
B

T
P

V C p
B

T
P

= 1 * ln 5. 9 *
* 0

− 1 * = + − 1 *set
(6)

Constants p0, p1, A, B can be found as fit results in Figs. 18 and 19,
respectively. The first, constant part of Eq. (6) can be split up into the
set voltage, Vset, and a new constant C . The calculated result for
constant C is not used. Instead, the constant is determined experi-
mentally such that the 55Fe peak yields on average 6000 TOT counts.14

Since systematic deviations in the gain stability are observed with this
correction, a second-order correction is introduced using the humidity
measurement, H. Data are acquired with the T/P-correction of Eq. (6).
The analysis is done similarly to the calculation of the T/P-correction.
The final correction formula to calculate the voltage is:

V T P H V V T
P

V H( / , ) = + 538 − 1709. 03 V hPa
K

* + 2. 59 m
g

*set
3

(7)

Measurements have been performed over nine days using this

correction (Fig. 20). If the detector is flushed with gas and the HV is on
continuously, a gain stability within (6000 ± 200) TOT counts is
achieved. Fig. 21 demonstrates the conversion of this deviation of the
mean TOT counts into an uncertainty on the number of event counts.
The mean value of a Gaussian TOT count distribution with a constant
resolution (sigma/mean=constant) and a constant total integral is
varied. The integral for a fixed range from 4800 to 7200 TOT counts
is presented in dependence of the mean TOT value. The calibrated
activity depends linearly on the number of counts. Therefore, relative
uncertainties on the number of counts and the activity are the same. As
shown in Fig. 21, a mean TOT value of 5800 (6200) instead of 6000
transforms into a deviation of the number of events and thus on the
activity of −1.1%(−0.4%). Thus, activity measurements are stable
within approximately 1% with the applied HV correction. It is however
not recommended to perform measurements over a longer period
without control measurements with a source. This is a rather quick,
independent check of the whole measurement system. Large effects will
be noticed immediately, and small changes can be corrected by
adjusting constant C in Eq. (6).

8. Conclusions

A new method to measure the 55Fe content in radioactive samples
using GEMPix, a gas detector with pixelated readout, has been
developed. A procedure to measure the background and the total
counts of a sample has been designed. In total, measurement of one
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Fig. 18. The TOT counts show an exponential dependence on T/P.
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Fig. 19. Results of the gain scan with 55Fe (data taken with sum of gem voltages larger than 1100 V) and 241Am sources (data taken with sum of gem voltages smaller than 1100 V).

14 This is a rough energy calibration such that 6000 TOT counts equal 6000 eV
(approximate energy of 55Fe X-rays). In principle this should not be necessary since Eq.
(4) already contains a calibration to 5.9 keV. However, it is a way to reduce the impact of
the poor fit results from Fig. 19 since only the parameter B is used. The impact of this
parameter in the T/P range of interest is sufficiently small to allow for good HV
correction (compare Fig. 20).
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sample takes approximately 4.5 h. Forty-five samples from CERN's
radioactive waste were used to calibrate the detector. Measured counts
are converted into specific activity using a calibration curve based on
reference data from radiochemical analyses of the same samples.

Since the background is sample-dependent, the detection limit is
also background-dependent and has been accounted for in the calcula-
tion of the detection limits. From the forty-five samples analyzed, good
agreement has been found between the radiochemical analysis and the
present procedure. As an example, the sensitivity to 30 Bq/g, which is
the current Swiss exemption limit for 55Fe, was investigated but only
statistical uncertainties of the method were included. The method is
potentially sensitive to the exemption limit. A complete uncertainty
study is in progress. This will most likely reduce the sensitivity of the
method though this will be less important in the future since the
activity of most of the samples is small compared to the future Swiss
exemption limit of 1 kBq/g.

A correction of the high voltage (and therefore of the gain) as
function of temperature, pressure and humidity in the detection
volume was developed in order to obtain a more stable system and

reduce systematic uncertainties. An operational test phase for this
method is planned at CERN.
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