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Efficiency calibration of ITER bolometer prototypes

The energy resolved efficiency of two bolometer detector prototypes for ITER with
4 channels each and absorber thicknesses of 4.5 um and 12.5 um, respectively, has
been calibrated in a broad spectral range from 1.46 eV up to 25keV. The calibration
in the energy range above 3eV was performed against previously calibrated silicon
photodiodes using monochromatized synchrotron radiation provided by five differ-
ent beamlines of PTB at the electron storage rings BESSY II and Metrology Light
Source in Berlin. For the measurements in the visible range a set-up was realised
using monochromatized halogen lamp radiation and a calibrated laser power meter as
reference. The measurements clearly demonstrate that the efficiency of the bolome-
ter prototype detectors in the range from 50eV up to ~ 6keV is close to unity; at
a photon energy of 20 keV the bolometer with the thick absorber detects 80% of the
photons, the one with the thin absorber about 50%. This indicates that the detectors
will be well capable of measuring the plasma radiation expected from the standard
ITER scenario. However, a minimum absorber thickness will be required for the high
temperatures in the central plasma. At 11.56keV the sharp Pt-Ljs absorption edge
allowed to cross-check the absorber thickness by fitting the measured efficiency to the
theoretically expected absorption of X-rays in a homogeneous Pt-layer. Furthermore,
below 50eV the efficiency first follows the losses due to reflectance expected for Pt,
but below 10eV it is reduced further by a factor of 2 for the thick absorber and a
factor of 4 for the thin absorber. Most probably, the different histories in production,

storage and operation led to varying surface conditions and additional loss channels.
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I. INTRODUCTION

In fusion devices the total plasma radiation, part of the overall energy balance, is deter-
mined by the bolometer diagnostic. The bolometer detector type being used most commonly
is the miniaturised metal resistor bolometer!, which was also chosen as the ITER reference
detector type?. In view of ITER, R&D efforts have been started to develop a radiation resis-
tant detector suitable for the operation under the harsh environmental conditions expected.
So far, these efforts resulted in a detector prototype based on the design of the commonly

135 (e.g.), but now using Pt-

used foils with Au-absorber on a mica or kapton substrate
absorber on SiN-membranes with Pt-resistors on the back side for each of the 4 channels
as Pt has a 10 times lower cross section for neutron capture than Au and SiN is one of the
ceramics shown to be irradiation tolerant®. These prototypes could be characterised under
laboratory conditions and operated successfully in ASDEX Upgrade since 2009™%. Latest
developments led to a version featuring an up to 12.5 um thick absorber suitable for the

detection of high energy photons as they are expected from the centre of the ITER plasma

with its high electron temperatures.

The spatial distribution of the plasma radiation density can be determined by applying
tomographic reconstruction methods on the measurements of many lines-of-sight (LOS)?.
This profile is an important input for transport studies and the characterisation of advanced
plasma scenarii which rely on strongly radiating plasma boundaries to reduce the thermal
loads on plasma facing components®. The most accurate reconstruction results in support
of these studies can be achieved only if the spectral characteristics of the energy absorption
of the bolometer detectors are known. Additionally, the accuracy of the evaluated total
radiative loss P,,q deduced from the line-integrals depends strongly on the knowledge of
the energy resolved efficiency of the absorber. To this aim, the efficiency of the original
Au-absorbers has been determined and proven to be close to unity in the wavelength range
between 1pm and 1nm in case the absorbers have been blackened by using a coating to
enhance the photon absorption in the visible range!!. Similar measurements have now
been performed for the new prototype detectors, but the energy range investigated has
significantly been extended towards high energies and the efficiency of absorbers of two

different thicknesses were determined.

The efficiency of the bolometer prototypes could be measured in a very broad spec-
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tral range (3eV up to 25keV) by making use of the synchrotron radiation facilities of the
Physikalische Technische Bundesanstalt (PTB) at the electron storage rings BESSY II and
Metrology Light Source (MLS). Additional measurements for the VIS (1.46eV up to 3eV)
have been conducted in the lab. The characteristics of all measurement stations used, the
corresponding experimental set-up and the data evaluation procedures are described in sec-
tion II. The measurement results are described and discussed in section III. The results are
compared to values for the expected reflectance and X-ray absorption of Pt. In particular
the latter could be used to cross check the thickness of the absorber layer. Finally, section
IV concludes with a focus on the applicability of the bolometer detector prototypes for the

application in diagnostics of fusion devices.

II. EXPERIMENTAL SET-UP

A. Description of the measuring stations

For the efficiency calibration to cover the broad spectral range from 1.46 eV up to 25 keV,
several measurement stations had to be used. The measurements in the energy range above
3eV, respectively below 400 nm wavelength, were performed in the laboratory of the PTB
making use of monochromatized synchrotron radiation provided by the electron storage rings
BESSY II'2 and MLS*? in Berlin. Five beamlines were used: the VUV radiometry beamline'*
and the EUV radiometry beamline'® at the MLS, and the soft X-ray radiometry beamline!®,
the four-crystal-monochromator beamline!”, and the double-crystal monochromator at the
BAMline®® at BESSY II.

A set-up for the measurements in the VIS (400nm-850nm) has been realised in the
laboratory of IPP. A 250 mm Czerny-Turner spectrograph was used to split the spectrum
of a halogen cold light source from Schott (Model KL1500 LCD) with a nominal output of
150 W. The resulting beam of light with a spectral width of 5.3nm at 400 nm and 4.4 nm
at 850 nm, respectively, was focused onto the detector surface by an assembly of lenses and
apertures. The wavelength calibration of the spectrograph was checked using He, Ne, Hg,
Zn, Cs and Kr spectral lamps. An accuracy of 0.4nm was achieved. The detector was
placed in a dedicated housing to shield it from stray light and influences due to convection.

Additionally, three lasers with wavelengths of 405 nm, 532 nm and 635 nm, respectively, were
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focused onto the detector to provide a few measurements with a high signal-to-noise ratio.

B. Description of the measurement procedures

At the measuring stations of the PTB, the bolometer detectors to be examined were
investigated under vacuum conditions (except at the BAMline) by comparison to calibrated
silicon photodiodes as reference detector. The photodiodes were calibrated in the respective
spectral ranges against the cryogenic radiometers as primary detector standards of PTB! 2!
so that the incident radiant power was determined for the present calibration with relative
uncertainties of about 1%. The detectors were fastened to translation stages which allowed
linear motion in two perpendicular directions. In this way it was possible to scan over
the sensitive area of the detector by means of the X-ray beam. For every photon energy,
the radiant power in the monochromatic beam was first measured by means of the reference
detector. Then, the measurement of the detector to be calibrated was performed for different
channels. At the end of each measurement cycle, the radiant power was measured once again
by means of the reference detector in order to detect any instability that might have been
caused, for example, by instabilities of the electron beam position.

For the measurements at the MLS (VUV and EUV radiometry beamlines) the storage
ring was operated in the decaying mode, i.e. the stored current decreased with time. There-
fore, the measured signal had to be normalized to the stored current at this time. The
corresponding data on the stored current for the VUV beamline, respectively a reference
signal for the EUV beamline were provided and taken into account during data evaluation.
For the X-ray beamlines at BESSY II, the storage ring was operated in the top-up mode for
most of the measurements, i.e. the stored current was kept constant and the radiant power
did not vary. This was proven by the reference measurements. Only for some measurements
at the BAMline, no top-up mode was achieved. The evaluation of these measurements took
the decaying beam intensities into account using the measurements of an ionisation chamber
operated in parallel as reference.

The measurements in the VIS range were performed in air. For each wavelength, the size
of the light beam focused onto the detector was adjusted to fall completely onto the absorber
area. Its intensity was determined before and after each calibration measurement using a

calibrated X93 power meter from Gigahertz Optik. The relative calibration uncertainty of
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the power meter is 5 %.

C. Description of the data acquisition and evaluation

For all calibration measurements the prototype detectors (bolometer 1: flow chart
1100025, wafer 481, chip L with 12.5 um thick absorber; bolometer 2: flow chart 900076,
wafer 234, chip D with 4.5 um thick absorber) have been connected to the same data ac-
quisition hardware. It consists of power supplies and bolometer amplifiers??> (one for each
detector channel) with a 2kHz square wave and an amplitude of Uy = 10V. They are
connected to a PXI 7833R module from National Instruments and can be operated in
both, calibration mode (to determine the detector parameters meander resistance R, cool-
ing time constant 7, normalised heat capacity x and offset of the Wheatstone-bridge U,gs
in-situ) or measurement mode. The respective procedures have been described in detail
elsewhere?®. The measurements can be performed using different sampling times (19.2 ms,
12.8 ms, 6.4ms, 3.2ms, 1.6ms and 0.8ms) and the 24bit ADC can be set to map various
measurement ranges (£10mV, £20mV, £40mV, £80mV). The latter was chosen such that
the bridge voltage to be measured including the offset optimally fits into the measurement
range. The sampling time chosen for the experiments was the highest one in order to reduce
readout noise as much as possible.

Before each measurement, the procedures for determining R, 7, x and U,g have been
run. After acquiring the measurement signals, i.e. the time trace of the bridge voltage U,
for each detector channel, the detected power P,.q is evaluated according to equation 16 in

reference?

du B
Prad:AFL Td—tb_'_Ub(l_ ;) (1)

and a software implementation of the Savitski-Golay-filter for calculating the time derivative
of Uy. The constants A and B depend on the properties of the electrical circuit for each
Wheatstone bridge, e.g. R, Uy, cable resistance, etc.

The power of the monochromatic radiation used for the efficiency calibration varied be-
tween 0.2 uW and 50 uW, depending on the photon energy. These powers are for the most
part significantly lower than those detected during experiments on fusion devices. Thus, to
reduce uncertainties by evaluating time averaged signals, each measurement cycle was de-

fined to last up to 30 s during which the beam illuminated the detector for 12s by operating
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a shutter synchronous to the data acquisition. Furthermore, after applying the measurement
voltage onto the bolometer bridge, at least three measurement cycles have been acquired
to allow for the detector to approach thermal equilibrium. Still, the offset drift was non-
negligible in these cases and the background of the measurement signal showed variations

which had to be taken into account for the evaluation.

0.000 - - - - -

-0.005

-0.010

-0.015

U, / mV

-0.020

N
c)||||||||||||||||||||||||
o

40 60 80 100 120 140
time/s

power / pW
N
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-
c) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o

60 80 100 120 140
time/s

|
N H
o

FIG. 1. Time trace of the bolometer measurement at 649 nm (bolometer 2, channel 1). Top: Bridge
voltage Uy, as measured for three cycles; Lower: Detected power for the three measurement cycles.

The last cycle (dotted frame) is shown enlarged after offset correction in figure 2.

An example of such a time trace is shown in figure 1. On the top, the bridge voltage U,
for the complete time trace of the bolometer measurement with three cycles, taken during
the calibration at 649 nm for bolometer 2, channel 1, can be seen. In the lower part, the
power calculated from U, is shown for these cycles. The last cycle, indicated by a dotted

frame, is shown enlarged in figure 2. For all measurements made, the background can be
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well approximated using a linear function. The parts of the time trace used to determine
this function are indicated in blue. Subtracting this function from the signal yields the time

trace shown in figure 2. The power as measured by the bolometer is now determined by

A=649nm; Bolo2, Ch1
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FIG. 2. Time trace of the detected power for the third cycle of the bolometer measurement for

calibration at 649 nm (bolometer 2, channel 1), background subtracted.

calculating the average value of the signal during the time when the shutter was open. The
respective parts of the time trace are marked in red. The number of time-steps will be
denoted by N;. Those parts of the time during which the shutter opens or closes, plus an
additional delay to account for the filter width of the Savitzky-Golay-filter (also applicable at
the start of the measurement cycle), have neither been used for calculating the background
nor the average power (black parts of the time trace in figure 2). Note that this method
excludes the transient times of U}, from the data evaluation. Therefore, the measured power
Plaq is just proportional to U}, (equation 1).

The uncertainty of the calculated power is determined using Gaussian error propagation

and taking all input uncertainties into account: The linear approximation of the background
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yields the background function y(t) = a + b -t with the 1-sigma uncertainty estimates of
the parameters, Aa and Ab, from the least squares fit. The power signal after background
subtraction, P(t) = P,aq(t) — y(t), with P,.q(t) being the uncorrected signal as determined
from the measurement of the bridge voltage according to equation 1, has the uncertainty
AP(t) = Aa+ Ab - t, the calculated average power on the bolometer, Pq, = N% SN P(t),
has the uncertainty APyq, = N% SN (Aa+ Ab - t).

The efficiency 7 for each photon energy measured is thus

o Pbolo

n="p (2)

where P, is the radiant power, measured with calibrated diodes. The uncertainty An of the

efficiency is then given by

~—

o AF)bolo 2 Pbolo ?
An = J (T) n < L AP0> (3

with the uncertainty of the radiant power AF,.

IIT. DISCUSSION OF THE MEASUREMENT RESULTS
A. Scan of measurement frequency and range settings

In order to achieve optimal signal-to-noise ratios during the calibration measurements, the
sampling time was set to 19.2 ms, the highest value possible for the ADC used. Additionally,
the different settings for the signal range have been used to adapt to the offset of the
Wheatstone-bridge during the experiment. In most cases a range setting of 20 mV was used,
in a few cases 40mV had to be applied. For assuring that these settings have no influence
on the calibration result, scans have been performed at several photon energies.

Figure 3 shows the result of scanning the range setting. The efficiency of several bolometer
channels has been determined at various photon energies (see legend in figure 3). The results
match well within the uncertainties of the measurements. Furthermore, there is no clear
correlation between the range setting and the resulting uncertainty of the measurement.

Similarly, the influence of the measurement sampling time has been investigated. Figure
4 shows the efficiency of several bolometer channels at various photon energies versus the

sampling time. Clearly, the sampling time has no influence on the resulting efficiency, either.
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FIG. 3. Efficiency of 4 bolometer channels for various photon energies versus measurement range.
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FIG. 4. Efficiency of 4 bolometer channels for various photon energies versus sampling time.

However, the lower the sampling time is, the higher are the uncertainties of the result. This

can be expected as the thermal noise of the electronics is proportional to the square root

of the bandwidth of the measurement and thus indirect proportional to the square root of

the sampling time. As this applies to the measured signal, i.e. the bridge voltage Uy, the
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uncertainties seen in figure 4 are additionally enhanced by the evaluation procedure and

thus reflect this correlation only qualitatively.

B. Efficiency calibration

The efficiency of the two bolometer detector prototypes has been determined for channel
1 and 4 respectively over the energy range from 1.46eV up to 25keV, corresponding to
a wavelength range from 850nm up to 0.05nm. Figure 5 shows all results within one
graph. Efficiency values for bolometer 1 (thick absorber) are shown using diamonds, those
of bolometer 2 (thin absorber) squares. For both bolometers values from channel 1 are given
in blue, those of channel 4 in magenta. For some energies the efficiency has been determined
also for the other channels (see e.g. figures 3 and 4) demonstrating that the variations from

channel to channel are in the same ballpark as those shown.
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FIG. 5. Efficiency of 4 bolometer channels versus photon energy.

The radiant power of the incident beam used for calibration varied — according to the
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characteristics of the respective measurement stations — between 0.2 pW and 50 pW. For the
measurements using the lasers in the VIS range intensities up to 6 mW have been reached.
In figure 5 the efficiency values with the highest uncertainties correlate to measurements
which had to be made at the lowest radiant powers.

In addition to the efficiency values, the absorption coefficients according to Ref. 24 are
drawn in figure 5 as a continuos line for an assumed Pt-thickness of 9.7 ym and as a dashed
line for an assumed Pt-thickness of 4.4 um. For energies below 100eV the reflectivity of
polychristalline Pt under 90° incidence according to Ref. 25, page 336, is drawn as a dot-
dashed line. These values from literature denote the efficiency of the bolometers which could
be expected in an ideal case.

The results obtained for the prototype bolometers with the thick absorber at photon
energies above 200 eV agree within the measurement uncertainties well with these expecta-
tions from literature. The efficiency obtained for the thin absorber also follows nicely the
expectations from literature but shows slightly lower values.

For part of the VUV and the EUV spectral range (20eV up to 250eV), the efficiency
values are slightly lower than expected from literature. But still they agree well enough
within the measurement uncertainties. For energies lower than 10eV, the efficiency of the
bolometers is increasingly lower than expected and a systematically different behaviour can
be observed for the two prototype detectors: while the efficiency of bolometer 1 is decreased
by up to a factor of 2 with respect to the values expected from literature, the one for
bolometer 2 is decreased by a factor of up to 4. The detectors have been produced in differ-
ent batches and more than one year delayed in time. Additionally, they have been treated
differently before performing these measurements, in particular they have been submitted
to a different number of annealing cycles at different temperatures and in varying environ-
ments. Therefore, it is assumed that the absorber surfaces have developed slightly different
passivation layers. As the photons in this energy range are absorbed close to the surface, it is
assumed that the passivation layers are not thermally well coupled to the absorber and thus
lead to different effective cooling time constants than determined by the ohmic calibration
procedure and therefore result in the observed efficiencies.

Figure 6 shows the high energy spectrum of the efficiency values for bolometer 2 enlarged
and on a linear photon energy scale. The absorption coefficients from literature?* have been

used to fit them to the measured values by using the thickness of the absorbing layer as
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FIG. 6. Fit using absorption coefficient data from literature to calibration results of bolometer 2

(thin absorber).

the only free parameter and assuming it to be homogeneous. The sharp Pt-Ls absorption
edge at 11.56keV is excellently suited to constrain the fit. The result demonstrates that a
Pt-thickness of 4.4 pm (with an uncertainty of the fit of £0.15 um) is in very good agree-
ment with the measurement results and corresponds well to the nominal thickness of 4.5 um
from the manufacturing process. Additionally, absorber thicknesses were measured using
Rutherford-backscattering (RBS)?® with 3.5 MeV incident protons at a scattering angle of
165° at the tandem accelerator of IPP Garching. The measured energy spectra were con-
verted to depth profiles using the SIMNRA program?’ with SRIM-2003 stopping powers
resulting in a value of (4.440.1) pm.

Figure 7 shows the corresponding result for bolometer 1. In this case, the best fit of the
absorption coefficient literature data yields a Pt-absorber with a thickness of (9.740.3) pym.
This is significantly lower than the nominally expected values of 12.5 ym from the man-

ufacturing process. Even when taking nonuniformities of the electroplating process over
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FIG. 7. Fit using absorption coefficient data from literature to calibration results of bolometer 1

(thick absorber).

the wafer (which contained 16 individual detectors) into account, the Pt-thickness is not
expected to be lower than 11.75 um. For the prototypes with thick absorber the RBS mea-
surements still have to be carried out. They will confirm if the nominal thickness from the
production process is correct or not, or if the density of the Pt-layer differs from the standard

literature conditions of 21.4 g/cm3, which were used in the evaluation.

C. Lowest detectable signal level

According to figure 2 the power as determined by bolometer 2 (4.5 um absorber) has a
noise level of 0.1 xW; the one for bolometer 1 (12.5 ym absorber, not shown as graph) has
a noise level of £0.2 uW. Thus, under optimal conditions (i.e. steady-state conditions and
long sampling time), the lowest power level which can be detected by the bolometers is about
0.2 uW. Taking the surface area of the detector exposed to the radiation of 1.3 mmx3.8 mm =

4.94-107%m? into account, this relates to a line averaged radiant power density of 40 mW /m?
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which would be the lower limit detectable in a fusion experiment when using these detectors.

However, as stated above, this is valid only for optimal conditions. For time resolved
measurements, additional uncertainties arise from the time derivative of Uy, in the evaluation
of the radiant power. Furthermore, even after thermal equilibration of the detector assembly,
drifts of the background, which might rise up to 10 uV (=3 £V in figure 1, top), have to be
taken into account. Thus, the lowest radiant power detectable in time resolved measurements
will be in the order of 1 uW, relating to a line averaged radiant power density of 0.2 W /m?.
This compares well to a first performance analysis of a proposed LOS arrangement for
ITER?*, which indicates expected signal levels between 4 W/m? and 2300 W/m? in the ITER
standard scenario, depending on the properties of the LOS. Still, as plasma radiation needs
to be measured in ITER also during other scenarii, in particular during plasma start-up with
lower overall radiation levels, some lines-of-sight will need additional optimisation to enhance
the light yield so that their signal-to-noise ratio will be acceptable. Also, improvements in
the electronics need to be considered as well as their optimal adaptation to the detector

thickness chosen and the time resolution requested.

IV. CONCLUSIONS

The energy resolved efficiency of two bolometer detector prototypes with 4 channels each
and nominal absorber thicknesses of 4.5 yum and 12.5 um, respectively, has been calibrated
in a broad spectral range from 1.46eV up to 25keV (corresponding to 850 nm — 0.05nm)
making use of a dedicated experimental set-up for the VIS range in the laboratory and the
facilities of the PTB on the electron storage rings MLS and BESSY II for the energy range
above 3eV.

The results from scanning range and sampling time settings demonstrated that the data
acquisition system used to implement the in-situ calibration procedure and the measure-
ments is well capable of applying various range and sampling time settings which can be
chosen to match the experimental conditions. Measuring low incident intensities helped to
assess the performance of the prototype detectors and to project this to the use on a fusion
experiment like ITER. It could be shown that, depending on the settings for the sampling
time, line averaged radiation intensities of as low as 0.2 W/m? can be detected by these

bolometer prototypes.
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The calibration measurements clearly demonstrate that the efficiency of the bolometer
prototype detectors in the range of 50eV up to ~ 6keV is close to unity; at a photon energy
of 20keV the thick absorber detects 80% of the photons, the thin absorber about 50%.
This indicates that the detectors will be well capable of providing an absolutely calibrated
measurement of the plasma radiation expected from the standard ITER scenario. However,
a minimum thickness, which can be determined by using literature data for the absorption
coefficient of the absorber material, will be required to detect the high energetic radiation

from the central plasma.

At 11.56 keV the sharp Pt-L3 absorption edge allowed to cross-check the absorber thick-
ness by fitting the measured efficiency to the theoretically expected absorption of X-rays in
a homogeneous Pt-layer. The nominal thickness of the thin absorbers could be confirmed,
however not the one of the thick absorbers. To decide whether the discrepancies between
nominal and measured thickness are due to differences in the assumed Pt-density of the

absorber or variations in the production process, RBS measurements will be performed.

Furthermore, below 50 eV the photon absorption first follows the reflectance expected for
Pt, but below 10eV it is reduced further by a factor of 2 for the thick absorber and a factor
of 4 for the thin absorber. Most probably, the different histories in production, storage
and operation led to varying surface conditions which in turn influence the loss channels.
For future detector prototypes it is envisaged to investigate possibilities for blackening the
absorber in order to enhance the photoabsorption in the VIS and VUV range. However, in
view of ITER it will be highly important to consider potential degradation effects due to

such measures.
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