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1 | INTRODUCTION

Marie-Christine Lépy |

Yves Ménesguen

Abstract

The electrical-substitution cryogenic detector BOLometer for Use in the range of
X-rays (BOLUX), which was developed some years ago at CEA/DAM, has been
set up and restarted now at LNHB. It has been used for the primary measure-
ment of the intensity (total energy per unit time) of monochromatic synchro-
tron beams in the energy range from 3 to 30 keV. These well-determined
photon beams have been employed for the efficiency calibration of two photo-
diodes in terms of current induced per unit optical power at different photon
energies. In a final step, we explored the possibility to use these primary-
calibrated photodiodes to determine the efficiency curve of an energy-
dispersive spectrometer based on a semiconductor detector (Silicon Drift
Detector) using less intense monochromatic photon fluxes. The characteristics
of the radiometer BOLUX and its principle of operation are described, and the
measurements carried out at the synchrotron beamline are presented, includ-
ing the determination of the beams' intensities, the direct calibration of photo-
diodes with respect to BOLUX and the use of one of those photodiodes as a
standard transfer for the calibration of the SDD.

KEYWORDS

cryogenic detector, efficiency calibration, photodiodes, synchrotron radiation, X-rays

directly related to those initially used in the reference cal-
ibration: the determination of emission intensities is then

Accurate measurement of fundamental parameters that
characterize the radionuclide decay schemes, such as X-
ray emission intensities, require well-calibrated spec-
trometers, the critical point being their efficiency calibra-
tion. In the conventional approach, efficiency calibration
is carried out by using radionuclides standards, character-
ized by activity (Bq), and previously known (tabulated)
photon emission intensities. Therefore, the new emission
intensities derived from such a calibration procedure are

subject to a circular dependency.

A solution to this limitation is to use well-known pho-
ton fluxes whose calibration is independent of any previ-
ous knowledge of radionuclide emission intensities. The
primary measurement of photon fluxes intensities, there-
fore, represents a major goal in ionizing radiation
metrology.

To this end, cryogenic electrical-substitution radiome-
ters have proven to be a very suitable choice. They are
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well-established standards that have been used in the
UV-visible range from decades ago,"” and more recently
the energy range has been extended up to X-ray
range.”” *

In this work, we present the primary measurement
of photon fluxes with the cryogenic electrical-
substitution radiometer BOLUX (BOLometer for Use in
the range of X-rays), which had been used in the past,
especially in the low-energy range,’ and has now been
restarted and upgraded for its application to the analy-
sis of energies up to 50 keV. This article presents a gen-
eral description of the device and its principle of
operation, the theoretical detector response, estab-
lished by Monte Carlo simulations, and the experimen-
tal measurements. They have been carried out at the
Metrology beamline of the SOLEIL synchrotron, which
provides monochromatic photon beams with enough
radiative power to comply with the sensitivity of the
radiometer. These measurements required the accurate
characterization of the photon beam in terms of spec-
tral purity, in order to define the optimal experimental
conditions.

The primary measurement of photon fluxes is applied
to the calibration of two photodiodes with different char-
acteristics. This provides a transfer standard that can be
used at a further stage for the calibration of spectrome-
ters. Primary calibration of photodiodes also plays an
important role in all those applications that rely on well-
characterized photon fluxes, such as reference-free X-ray
spectrometry.®’

Since both the radiometer's response and the photodi-
ode's efficiency depend on the energy of the photons,
monochromatic beams of several energies must be used
in order to determine the calibration curve.

According to the International Vocabulary of
Metrology,” we hereafter refer to a measurement proce-
dure as “primary” if is not related to any measurement
standard for a quantity of the same kind, and we call
“primary standard” a measurement standard established
using a primary reference measurement procedure.
Therefore, we use BOLUX as a primary standard; the
measurement of the power of the photon beam with
BOLUX is a primary measurement, and the photodiode
calibrated using BOLUX as a primary standard becomes
a reference standard.

To conclude, a first attempt to determine the effi-
ciency of an energy-dispersive spectrometer (SDD, silicon
drift detector) by comparison with one of the reference
photodiodes is presented as an outcome of the primary
calibration. The reference photodiode is used as “transfer
device”, which is required because the range of photon
fluxes that can be measured by the SDD and by BOLUX
are extremely different.

2 | OPERATING PRINCIPLE OF A
CRYOGENIC ELECTRICAL-
SUBSTITUTION RADIOMETER

2.1 | Principle of cryogenic detectors
Cryogenic detectors characterize an incident photon flux
by recording the temperature rise experienced by an
absorber when the radiation interacts with it. Under the
assumption that the energy transfer is complete, the tem-
perature of the absorber increases proportionally to the
energy of the incident photon flux, the proportionality
ratio being the reciprocal of the material's heat capacity
of the material of the absorber:

If the heat capacity is well known, the energy of the pho-
ton flux can therefore be determined by measuring the
temperature rise.

The sensitivity of the technique is inversely propor-
tional to the material's heat capacity, which decreases at
low temperatures. In order to obtain a detectable temper-
ature rise due to the interaction of a single photon, an
extremely low heat capacity is required, which implies
extremely low temperatures (typically not higher than
several tens of mK). This entails major technical difficul-
ties but allows the use of cryogenic detectors as spectrom-
eters since they allow the discrimination of photons by
energy.”'® This operation mode is called “pulse mode”
(Figure 1a). Apart from the technical difficulties arising
from extreme cooling, there is an intrinsic limitation to
the count rate that can be recorded, which is related to
the time required for the system to return to thermal
equilibrium after the interaction with each photon.
Therefore, this operation mode is not suitable for measur-
ing very intense photon fluxes.

Both the technical difficulties of extreme cooling and
the impossibility of measuring intense photon fluxes can
be circumvented if the “continuous mode” is employed
(Figure 1b). When an absorber is subjected to continuous
radiation, the evolution of its temperature is the balance
of the energy deposited by the radiation and the heat dis-
sipated towards the thermalized environment:

dr_Py_G(T-T)) "
dt C C

where P;, is the power of the incident radiation, C is the
absorber's heat capacity, G is the heat transfer coefficient
from the absorber to the environment and T, is the tem-
perature of the environment.
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FIGURE 1 Response ofa
cryogenic detector operating in
pulse mode (2) and in
continuous mode (b).
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time

(a)

The solution to this differential equation
P;
T(t)=To+—4 (1 - e*gf) (Eq2)

shows that the temperature rise AT = T(t) — T, tends
asymptotically towards P;,/G regardless of the material's
heat capacity. Therefore, if we measure at equilibrium,
that is, when the absorber has been receiving the radia-
tion for a sufficiently long period, the temperature rise is
proportional to the total power of the incident beam and
inversely proportional to the heat transfer coefficient.
This operation mode does not enable spectroscopy, since
it does not discriminate photons by energy, but it allows
the measurement of high photon fluxes.

2.2 | Principle of electrical substitution
In electrical substitution radiometers, the amount of
energy deposited by the radiation is measured by deter-
mining the electrical power that needs to be injected into
the absorber to obtain the same temperature rise as the
one induced by the photonic heating:

77Pin = IRir

where 7 is the efficiency of photon absorption, I is the
electrical current required to provoke the equivalent
heating and Ry, is the resistance of the heating element.
Working under the principle of electrical substitution
makes it possible to determine the power of the incident
radiation with no actual need to quantify the temperature
rise of the absorber: it suffices to verify that this tempera-
ture rise is the same during the electric and the photonic
heating, with no need to know its specific value. There-
fore, even though the temperature rise and the radiation
power are related through the heat transfer coefficient of

AT, = 2t
"7 Cen
time
(b)
'_
>
time
FIGURE 2 Monitoring of a temperature rise by measuring the

voltage in a thermistor polarized with a constant current.

the system, it is not necessary to know the value of this
coefficient, which can be difficult to determine and
would add a very significant component to the
uncertainty.

In order to monitor the temperature changes, a
thermistor linked to the absorber is polarized with a con-
stant current, so that the change in resistance induced by
the temperature increase causes a significant change in
the voltage (Figure 2). The sensitivity of the technique
then depends on how steep the dependence of the therm-
istor's resistance to temperature is. For this reason, a judi-
cious choice is to use a semiconductor material and to
work at very low temperature (typically at the boiling
point of helium at the most), to guarantee that a small
increase in temperature induces a significant decrease in
resistance and thus in voltage.
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For measurements carried out at 4.2 K, a typical
power of a few tens of microwatts as the ones measured
in this work implies a temperature rise of a few tenths of
kelvin.

The measurement of radiation power by electrical
substitution, therefore, involves two steps: in the first
stage, the absorber is exposed to the radiation beam in
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FIGURE 3 Principle of radiation power measurement with an

electrical-substitution radiometer

order to register the decrease in voltage (i.e., the photon
flux power); in the second stage, the absorber is no longer
exposed to the radiation, but an electrical current is intro-
duced instead, and this current is adjusted until the
decrease in voltage matches the decrease obtained in the
first step (Figure 3).

3 | INSTRUMENTATION AND
MEASUREMENT PROCEDURES

3.1 | Description of the cryogenic
electrical-substitution radiometer

The cryogenic electrical-substitution radiometer BOLUX
(BOLometer for Use in the field of X-rays) was initially
developed at CEA/DAM. This instrument was success-
fully used in the past to characterize monochromatic
photon fluxes in the energy range up to 11 keV.> It has
been recently handed over to the Laboratoire National
Henri Becquerel (LNHB) at CEA, where it has been
restarted and upgraded.

The measuring bolometer is integrated in a cryostat
(Figure 4), which consists of a 39-cm-high and 20-cm-
diameter cylinder that comprises a two-liter tank for lig-
uid helium isolated from the outside by three concentric
walls, between which void is created, and a smaller
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beam
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FIGURE 4 Photograph (left) and diagram (right) of the radiometer BOLUX used in this work
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FIGURE 5 Up-side-down photograph of the inner part of the chamber that hosts the measuring bolometer (left) and diagram of the

measuring bolometer (right)

chamber in the bottom part (Figure 5a) that hosts the
measuring bolometer, its electronic components and opti-
cal collimators. The bolometer (Figure 5b) comprises a
cylindrical germanium absorber (4.65 mm diameter and
300 um thickness), covered in the front part by a thin
gold layer to shield it against infrared radiation, and
linked in the rear side to a germanium thermistor. The
heating resistance is directly coupled to the rear side of
the absorber. The whole system is surrounded by a cop-
per collimator with a 4.11-mm-diameter aperture
through which the incident radiation enters the bolome-
ter. The thermistor is linked by a sapphire fiber to a plati-
num support, which is in contact with the copper optical
plate, thermalized by the helium bath contained in the
tank just above it.

In order to monitor the temperature, the thermistor is
polarized by a constant current. To this end, a constant
voltage is supplied from outside the cryostat by means of
a polarization box based on a system of batteries, and
turned into a constant current by means of a charging
resistor. The thermistor voltage is continuously measured
with a multimeter Keithley2000. During the electrical
heating stage, the heating resistance is polarized by
means of an external current source Keithley220, and the
voltage induced is measured by a different multimeter
Keithley2000, in order to deduce the electrical power as
the product I x V.

3.2 | Electrical substitution procedure

The instrument is operated in continuous mode, that is,
it measures the total amount of energy that reaches the

bolometer per unit time. As mentioned above, it does not
allow spectrometry, but it does allow the measurement of
intense photon fluxes. Since it is not possible to discrimi-
nate photons by energy, it is a convenient solution to use
a monochromatic radiation source from synchrotron,
which in addition is powerful enough to rise to the sensi-
tivity of the technique.

An automated system coordinates the sequence of
measurements of the photon flux intensity for selected
incident energy (monochromator), as follows:

i. First, the beam shutter is closed and the thermistor's
voltage in the absence of any heating (baseline) is
measured.

ii. Next, the beam shutter is opened and, once the ther-
mal equilibrium is reached, the thermistor's voltage
change due to the photonic heating is registered.

iii. Afterwards, the shutter is closed again to repeat the
measurement of the baseline, and then, while keep-
ing the beam closed, the external current source is
turned on. A searching algorithm has been devel-
oped to adjust the supplied current until the equiva-
lent current is found, that is, until the thermistor's
voltage change induced by the electric current is the
same as the one induced by the photonic beam
(within the sum of standard deviations [Figure 3]).

iv. Once the equivalent current is reached, the voltage
in the heating resistance is measured. The power
deposited in the absorber then corresponds to the
product of the equivalent current and the voltage
induced by it. The energy of incoming photons being
known, the beam intensity (number of photons per
second) can be derived.
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3.3 | Procedure for primary calibration
of photodiodes

Once the power of the beam is determined, it can be used
for the calibration of a photodiode.

The efficiency calibration of a photodiode consists in
determining the amount of electric current generated in
it when it is exposed to a radiation of unit power. Since it
depends on the photon energy, the determination of its
efficiency curve implies the measurement of its efficiency
for a set of fixed values of this energy.

The determination of the photodiode's efficiency at a
certain energy involves two steps. In the first step, the
flux power of a monochromatic photon beam was mea-
sured with BOLUX as described in the previous section:
the thermistor's voltage change is measured when the
absorber is exposed to the radiation, and afterwards an
electrical current is introduced and modified until the
same voltage change is reached. In the second step, the
photodiode is exposed to the same photon beam and the
current induced is measured. The background current is
also measured: the current generated in the photodiode
in the absence of radiation, which is subtracted from the
total current. The photodiode's efficiency is then the ratio
between the current induced by the radiation (after sub-
tracting the background) and the power of the beam.
Once the whole cycle was completed, the photodiode was
withdrawn again, the energy of the monochromator was
changed and the new cycle started again in order to
determine the photodiode's efficiency at the new energy.
The operation is repeated for different energies between
3.5 and 30 keV.

4 | DESCRIPTION OF THE
MEASUREMENTS

In this work, measurements were performed at the
Meétrologie beamline at SOLEIL synchrotron (France),
more specifically at the hard X-ray branch, which is
equipped with a Si-111 double-crystal monochromator
and provides monochromatic photons covering an energy
range from 3 to 30 keV.

By the procedure described in the previous section,
the radiometer BOLUX was used for the primary calibra-
tion of two photodiodes in terms of efficiency: OptoDiode
AXUV' and Hamamatsu S8193."* They are classic com-
mercial silicon-based photodiodes, although they are
slightly different because S8193 has a thicker silicon foil
and is covered with a ceramic scintillator to increase its
efficiency at high photon energies. Afterwards, the AXUV
photodiode was used as a reference standard for the

calibration of an energy-dispersive spectrometer based
on SDD.

Two previous actions are necessary to ensure the reli-
ability of measurements: the calculation of the correction
factor for the energy deposition of radiation in the cryo-
genic detector and the optimization of the parameters of
the beamline to ensure spectral purity.

4.1 | Correction factor for BOLUX
The radiometer measures the energy deposited in the
absorber. However, part of the energy of the incident
radiation is not deposited, either due to photons that do
not interact with the absorber, or photons that do interact
but do not deposit all of their energy, as a consequence of
scattering processes or escape of characteristic X-rays.
Monte Carlo simulations were carried out to compute
the average energy deposited by each photon in the
absorber for different values of the photon's energy. The
emission of monochromatic X-ray towards a 300-pm
thick germanium disk was simulated with PENELOPE
code in order to obtain the spectrum of deposited
energy and calculate the amount of energy deposited per
emitted photon. The ratio between the incident energy
and the energy deposited per photon (i.e., the reciprocal
of the fraction of deposited energy) constitutes the correc-
tion factor by which the measured power has to be multi-
plied in order to get the actual beam power. Figure 6
shows the correction factor computed for different values
of the photon energy.

1.20 8

1.16

N
N
N
1
e
e
—_—————

Correction factor
(E incidem/ E deposited)
o
(3]
1
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-

| } _'
Tt 1 |
roe. ﬁmﬁ}‘ -

33 :
1004 IEXXXE) |

0 5 10 15 20 25 30
Incident photon energy (keV)

FIGURE 6
beam power with BOLUX, computed by means of Monte Carlo
simulations with PENELOPE code

Correction factors for the measurement of the
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4.2 | Search for optimal beam purity
The energy in the beamline is selected by a monochroma-
tor that diffracts radiation according to Bragg's law:

nhi=2dsin0

where n is an integer number, A is the radiation wave-
length, d is the distance between two successive layers in
the crystallographic lattice and 6 is the angle of the inci-
dent radiation with respect to the surface of the crystal.
For a given angle, not only photons of a single energy are
reflected, but all those whose energy is an integer multi-
ple of the lowest one. If an energy E; needs to be selected,
the beamline will actually emit a set of energies nE;, the
harmonics of the main energy (selection rules for the
crystallographic structure of the crystal employed in
Meétrologie beamline allow all natural numbers for
n except n = 2).

However, in order to determine the efficiency of a
photodiode at a specific energy, it must be guaranteed
that the radiation that reaches the photodiode is actually
monochromatic, that is to say that higher harmonics
must be suppressed or at least their contribution must be
negligible.

The beamline is equipped with two crystals (Figure 7)
for a finer selection of the wavelength. The second crystal
can be detuned with respect to the first one by a certain
angle in a process customarily called “pitch”. As the
detuning angle increases, the photon flux of all the har-
monics decreases, but this decrease is more pronounced
the higher the harmonic's order. Therefore, the flux of
photons of the targeted energy decreases, but the fraction
of higher harmonics decreases in a greater proportion, so
for a sufficiently high angle, the contribution of higher
harmonics can be negligible. Figure 8 shows the emission
spectrum of Métrologie beamline, measured by a high-
purity germanium (HPGe) spectrometer, when the
monochromator is set to 4 keV, for different values of the
detuning angle. (Note that the peaks at 2 E do not corre-
spond to a harmonic since n = 2 is not permitted for the
crystal used, but it is the pile-up of the main energy due
to the high count rate).

The first step of the experimental work then consisted
in characterizing the beam for different values of the

SPECTROMETRY— VI LEY-L

detuning angle in order to select the lowest value that
makes higher harmonics negligible at each energy.

5 | RESULTS

5.1 | Primary calibration of photodiodes
with BOLUX

In Métrologie beamline at synchrotron SOLEIL, we car-
ried out the primary calibration of two different photodi-
odes in the energy range from 3.5 to 30 keV.

As described above, for each value of the energy, the
pitch was set so as to make high-order harmonics negligi-
ble. The beamline power was measured with BOLUX,
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FIGURE 8 Emission spectra of Métrologie beamline, measured

by an HPGe spectrometer, when the monochromator is set to
4 keV, for different values of the detuning angle.
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FIGURE 9 Efficiency of photodiode S8193 determined by

measuring the current induced by a photon beam whose power has
been measured by BOLUX in a primary way
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FIGURE 10 Efficiency of photodiode AXUV determined by

measuring the current induced by a photon beam whose power has
been measured by BOLUX in a primary way. A polynomial fit in
the log-log scale has been superimposed to account for the
oscillations mainly in the range where the efficiency is lower and
the current induced is lower, thus leading to a greater uncertainty
in the efficiency.

applying the corresponding correction factor for the frac-
tion of deposited energy. Then the photodiode was placed
in the beam pathway, and the current induced was mea-
sured, subtracting the background current (current mea-
sured in the absence of beam), in order to determine the
current generated in the photodiode per unit power. The
process was repeated for several energies between 3.5
and 30 keV.

Figures 9 and 10 show the efficiency of both photodi-
odes (current generated per unit power) as a function of

the energy, and the associated relative uncertainties
in red.

The uncertainty in the photodiode's efficiency is the
combination of the uncertainty in the beam power mea-
sured by BOLUX and in the current generated by the
photodiode.

« The uncertainty in the beam power has two kinds of
sources: the uncertainty in the measurement itself and
the uncertainty in the correction factor.

o The uncertainty in the measured beam power stems
from the uncertainty in the determination of the
equivalent current, which in turn arises from the
uncertainty in the size of the voltage change AV.
This uncertainty is propagated approximately in a
linear way since AV follows a nearly quadratic ten-
dency with the applied current, and the electrical
power is proportional to the square of the current
(given that the resistance of the heating element is
essentially constant). Therefore, the relative uncer-
tainty of the measured power can be approximated
to be the relative uncertainty of AV, which can be
taken as the combination of the standard deviation
of the voltage baseline and the voltage when
exposed to heating, divided by the size of AV. This
contribution ranges from a few tenths of a percent
in those cases when the measured beam power (and
therefore the voltage change) is higher to around
1.5% for the weakest beam measured.

o The uncertainty in the calculated correction factor
has a contribution that arises from the statistics of
the simulations and another one due to the uncer-
tainties in the interaction cross sections used by the
code. There is also a major source of uncertainty
due to the uncertainty in the thickness of the
absorber.

« The statistical contribution is provided by the
code itself, and depends on the number of simu-
lated events. The simulations carried out in this
work were done with a million events and led to
uncertainties of around 0.3% for the energies
below the germanium K-edge and around 0.5%
above the edge.

« Uncertainty in the thickness of the germanium
absorber. It is the main source of uncertainty at
those energies for which the transmission is
significant. It is difficult to estimate the uncer-
tainty in the manufacturing of a germanium
disc, so as a conservative estimation we
assumed a 10% uncertainty, which should be
enough to account for any possible irregulari-
ties as well. In order to infer its contribution to
the total uncertainty in the correction factor,
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simulations were carried out for absorbers
270 and 330 pm thick in order to evaluate the
difference with the correction factor at 300 pm.
It could be established that this contribution to
the total uncertainty is less than 1% below
25keV, and even a few tenths of a percent
below 20 keV (except right below germanium's
K-edge). The contribution begins to be signifi-
cant at 25 keV and it reaches several percent in
the highest part of the considered interval.

« The interaction cross-sections from the database
used by PENELOPE have an uncertainty of a few
percent above 1 keV,'*'* 5o as a conservative esti-
mation one can assume 5% in the whole interval
considered. The contribution of the relative
uncertainty in the interaction cross section to the
relative uncertainty in the correction factor is
weighted, in a good approximation, by the abso-
lute value of the natural logarithm of the correc-
tion factor itself.

The combined uncertainties in the correction factor for
each energy are included in Figure 6.

« The uncertainty in the photodiode's current is taken
from the standard deviation of the sequence of twenty
measurements made for each energy. It is affected by
the noise of the photodiode, but also by small oscilla-
tions in the beam power arising from oscillations in
the synchrotron current. In the regular operation
mode, oscillations in the synchrotron current are
around +0.2%, but sometimes there can be occasional
fluctuations when the current drops more steeply for a
short period of time, and if this happens during the
time of measurement, it can lead to significantly
higher standard deviations in the photodiode’s current.
This is the case of some of the measurements with
photodiode AXUV in the highest energy range and
S8193 at 10 and 11 keV, where the standard deviation
of the photodiode's current accounts for the high
uncertainties in the photodiode’s efficiency, which is
not only explained by the uncertainty in BOLUX's cor-
rection factor.

As a verification measurement, in a further stage, the
current generated by the two photodiodes was measured
when exposed to the same beam, in order to directly
determine the ratio of their efficiencies and compare it to
the ratio of the efficiencies determined with the primary
calibration with BOLUX. As it is shown in Figure 11, the
ratio of efficiencies determined both ways are in good
agreement, thus confirming the reliability of the
measurements.

SPECTROMETRY— VI LEY-L

5.2 | Calibration of a spectrometer
traced to BOLUX

An SDD was calibrated in terms of efficiency using one
of the photodiodes (AXUV) calibrated with BOLUX as a
reference standard.

It must be noticed that an energy-dispersive spec-
trometer as the one calibrated in this work is not capable
of reliably measuring photon fluxes as high as the ones
required by a radiometer like BOLUX. The solution is to
use a “transfer device”, that is to say a reference standard
that shows a good linearity in a wide range of fluxes, so it
can be calibrated in terms of efficiency using a strong flux
measured with BOLUX, and can then be used to deter-
mine the power of a much weaker beam, which will be
measured by the energy-dispersive spectrometer. Photo-
diodes have proven to have a linear response in a wide
range of beam powers, so they are a very suitable choice
as transfer devices when it comes to calibrate an energy-
dispersive spectrometer with a radiometer.

For each value of the energy, the current induced by
the beam in the reference photodiode was measured.
Since the photodiode's efficiency was known at this
point, the beam power (total amount of energy per unit
time) could be determined. Given that the beam is mono-
chromatic, by dividing the beam power by the energy of
each photon, the number of photons emitted in the beam
per unit time is determined. Subsequently, the same pho-
ton beam was measured by the SDD. The ratio between
the detector's count rate and the total number of emitted
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FIGURE 11 Ratio between the efficiency of photodiodes S8193

and AXUV. Blue dots represent the ratio between the efficiencies
obtained from their primary calibration against BOLUX; orange
dots show the direct ratio of the current generated by the same
photon flux in both photodiodes.
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FIGURE 12 Efficiency curve of an SDD spectrometer

calibrated against photodiode AXUV, in turn calibrated against
BOLUX, along with the efficiency calculated by Monte Carlo
simulations with PENELOPE code.

photons is the intrinsic efficiency of the detector. The effi-
ciency curve of the SDD determined by this procedure is
shown in Figure 12. The experimental results obtained by
this procedure were compared with the result of Monte
Carlo simulations with PENELOPE code, relying on the
geometric parameters obtained by optimization of other
measurements that had been carried out in the laboratory
using a tunable monochromatic source based on an X-ray
tube and a proportional counter as a reference detector'®:
488-pum-thick silicon disc, with a 70-nm dead layer and a
15-pm-thick beryllium window.

In this case, there are two kinds of sources of
uncertainty:

« Uncertainty in the determination of the photon flux,
which is due to:

o The uncertainty in the photodiode's -efficiency,
which has been determined in previous sections,
and it is close to or below 1% in this energy range,
except at 20 keV, where it was occasionally high
due to the reason mentioned above.

o Uncertainty in the current induced in the photodi-
ode. It has been taken from the standard deviation
of the sequence of measurements, as was the case in
the determination of the photodiode's efficiency.
However, this time a much weaker photon flux had
to be used, so the induced current is smaller, which
led to a lower signal-to-noise ratio. The relative
uncertainty of the photodiode's current ranges from
a few tenths of a percent to 1.5%.

« Uncertainty in the determination of the count rate
measured by the SDD.

o There is a statistical component arising from the sto-
chastic nature of the radiation emission itself, but it
is below 0.1% in the whole interval, given the high
number of counts in the measured spectra.

o The main source of uncertainty regarding the deter-
mination of the count rate stems from the difficulty
to fit the full-energy peaks to a clear curve, since,
precisely due to the high count rates, the shape of
the peaks deviates from the ideal Gaussian. This
contribution of the uncertainty was taken as the dif-
ference between the area of the Gaussian curve that
best fits the peaks (which largely underestimates the
area), and the total gross count of the peak, which is
by definition an overestimation. This contribution
was a few tenths of a percent for all the
measurements.

The overall uncertainty in the detection efficiency is
around 1% in most of the intervals. It is occasionally
higher at 4 keV because of a high relative standard devia-
tion in the photodiode's current, and at 20 keV, on
account of the high uncertainty in the determination of
the photodiode's efficiency, which was also due to an
occasionally high standard deviation of the photodiode's
current in the measurements that led to its calibration.
As we can see, it is occasional instabilities in the beam
that account for the cases when the uncertainty of mea-
surements is above 1%. Therefore it can be concluded
that the uncertainty of this calibration technique is close
to 1%.

6 | CONCLUSIONS

Electrical-substitution cryogenic radiometer BOLUX has
been successfully set up and restarted at LNHB/CEA. It
allows the primary measurement of high photon flux
intensities. In this work, it has been used for the mea-
surement of monochromatic photon beams of different
energies between 3 and 30 keV at synchrotron SOLEIL,
which were in turn used to determine the efficiency
curve of two photodiodes in terms of current generated
per unit optical power.

The uncertainties in the determination of beam inten-
sities are close to 1% or below up to 20 keV, but they are
significantly higher (up to 3%-4%) in the highest part of
the interval, especially due to the important corrector fac-
tor that needs to be applied. This is generally the main
contribution to the total uncertainty in the photodiode's
efficiency, so we can say that this technique allows the
determination of photodiode's efficiencies with an uncer-
tainty close or below 1% up to 20 keV. However, the
uncertainty in the measurement of the photodiode's
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current itself was occasionally higher due to the punctual
instabilities of the beam, and in those cases, this one
becomes the dominant contribution.

In the highest part of the range, the uncertainty of the
correction factor reduces the accuracy of measurements.
For this reason, the possibility to change the absorber
will be explored in the mid-term future in order to
increase the fraction of energy deposited in it, thus reduc-
ing the contribution of the uncertainty in the correction
factor, allowing the extension of the energy range.

A good agreement has been found between the com-
parison of the efficiency of two photodiodes determined
by direct calibration with BOLUX and the direct compar-
ison of the current induced in both photodiodes by the
same beam, thus confirming the reproducibility of the
technique.

In a further step, we explored the possibility to apply
the primary measurement of photon fluxes with BOLUX
to the calibration of energy-dispersive spectrometers, that
is, with no need to rely on previously measured photon
emission intensities, which is a major goal of ionizing
radiation metrology. The detection efficiency of SDD was
determined at several photon energies by measuring the
count rate of monochromatic beams whose intensity was
measured with one of the photodiodes calibrated with
BOLUX. Experimental results reproduce in a good
approximation the efficiency curve calculated by means
of Monte Carlo simulations relying on the geometric
parameters obtained by other measurements carried out
in the laboratory with a different primary technique. This
promising result opens the door to the calibration of
energy-dispersive spectrometers using well-known mono-
chromatic photon beams measured in a primary way by a
non-dispersive radiometer, via a transfer measurement
device with a sufficiently good linearity to be calibrated
with intense photon fluxes as the ones required by the
radiometer, and which, at the same time, is sensitive
enough to measure much weaker fluxes as the ones toler-
ated by the energy-dispersive spectrometer. Spectrome-
ters calibrated by this procedure will allow, in
combination with primary measurements of activity, the
determination of photon emission probabilities that will
be independent of any previous measurement of these
parameters.
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