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Soft x-ray detection with the new ”multi-energy” PILATUS3 detector systems holds promise as a magnetically
confined fusion (MCF) plasma diagnostic for ITER and beyond. The measured x-ray brightness can be used to
determine impurity concentrations, electron temperatures, n?Z. ¢ products, and to probe the electron energy
distribution. However, in order to be effective, these detectors which are really large arrays of detectors with
photon energy gating capabilities must be precisely calibrated for each pixel. The energy-dependence of the
detector response of the multi-energy PILATUS3 system with 100K pixels has been measured at Dectris
Laboratory. X-rays emitted a tube under high voltage bombards various elements such that they emit x-ray
lines from Zr-La to Sn-Ka between 1.8 and 22.16 keV. Each pixel on the PILATUS3 can be set to a minimum
energy threshold in the range from 1.6 to 25 keV. This feature allows a single detector to be sensitive to a
variety of x-ray energies, so that it is possible to sample the energy distribution of the x-ray continuum and
line-emission. PILATUS3 can be configured for 1D or 2D imaging MCF plasmas with typical spatial, energy,

and temporal resolution of 1 cm, 0.6 keV, and 5 ms, respectively.

I. MOTIVATION AND BACKGROUND

Flexible, non perturbing diagnostics are necessary for
control, stability, and understanding of any high temper-
ature plasma such as magnetically or inertially confined
fusion plasmas'. Multi-energy x-ray profiles can diagnose
plasma electron temperatures?. In addition, the results
in this paper indicate that by measuring x-ray emissions
of different energies a multi-energy x-ray system can also
measure impurity concentrations by measuring the per-
turbing effect of bound-bound characteristic line emis-
sions on the continuum background. The diagnosis of
temperature and impurity density are correlated how-
ever, but with sufficient information of x-ray emissions
from different energies both the concentration and tem-
perature can be solved simultaneously.

With these promising results in mind this paper dis-
cusses the calibration and energy dependent character-
istics of a water-cooled PILATUS3 100k x-ray detector
produced by Dectris Ldt. The detector has an array of
195x487 photodiode pixels which are capable of measur-
ing photon counts up to 107/s, without any saturation
effects, at 2 ms intervals. Each 147 square micron pixel
detects a count when a photon of sufficient energy is ab-
sorbed by 450 microns of n-doped Si®. Upon absorption
the photon generates electron charge cloud and the num-
ber of electrons in the cloud depends on the energy of
the photon. The charge cloud will trigger a count for

a) Contributed paper published as part of the Proceedings of the
21st Topical Conference on High-Temperature Plasma Diagnostics,
Madison, Wisconsin, June, 2016.

that pixel if it is sufficient to surpass the internal voltage
bias of the pixel, which is set by the user of the detec-
tor. This voltage bias is set through 3 separate voltage
settings, Vemp sets the minimum threshold on all of the
pixels across the detector. V., is the value in which the
pixel-wise energy thresholds are incremented through a 6
bit DAC which allows 64 different energy threshold set-
tings for for each pixel, and V;.; which sets the detector
wide gain on the photon generated electron cloud. If we
consider a simple detector configuration with rows of re-
peating groups of energy thresholds and a pinhole camera
like that used in?; the large number of independent en-
ergy discriminating pixels allow for a profile of lines of
sight and in addition to many different energy gate levels
allowing the ratio of photons of different energies to be
analyzed across the plasma.

The goals of the calibration include measuring detec-
tor response for three unique energy ranges 2-8 keV,
3-12 keV, and 6-24 keV, while using as many of the 64
trimbits as possible to in those energy ranges to the max-
imize energy resolution in that range. In addition, it is
necessary to characterize the energy dependent detector
responses to eliminate systematic errors in the ratios be-
tween x-ray emissions of different energy. These factors
include the widths of the energy thresholds and an ad-
ditional response when the energy of the photon is less
than the energy of the threshold. This procedure must
be performed for each pixel because their response varies
across the detector.



1. METHOD OF CALIBRATION AND ENERGY
RANGES

This calibration seeks to characterise the PILATUS3
for energy ranges which can be used to discriminate be-
tween different impurities commonly present in MCF
plasma which have characteristic line emissions in the
chosen energy range”®. With this mind, the 2-8 keV
range is desirable because of the strong Mo and Ar line-
emissions at those energies in addition to some access to
Fe, Cu, and W lines. In addition because photon emis-
sion rates are most often proportional to the exponential
of the ratio of the photon energy and the plasma temper-
ature - the lowest energy range extends the lower tem-
perature limit of the diagnostic and extends the reach
its to cooler regions of the plasma. On the other end,
the 6-24 keV range has higher energy Mo lines which are
completely isolated from Ar lines so that a Mo concentra-
tion could be more accurately determined. In addition
identifying the higher energy Mo lines allows for better
analysis of non-thermal electron tails during LHCD and
ECRH but is limited to only the hottest plasmas to gen-
erate sufficient signal to noise. The 3-12 keV range strikes
a balance between the two and also has improved access
to Fe, Cu, and W emissions but is more limited in dis-
criminating Mo and Ar.

The first step of the calibration is to measure the detec-
tor response across trimbit values for different character-
istic line emissions of different energy. The calibration re-
sponse curves are generated from 14 element bombarded
from a x-ray tube under high voltage to generate charac-
teristic lines which are used to calibrate PILATUS3 for
the three unique energy ranges. The normalized detec-
tor response curves are shown in figure 1 and the fit used
are shown in equations 1-4. The response curves indicate
how characteristic lines are ‘seen’ on the PILATUS3. Be-
cause only 64 energy threshold settings are possible with
the PILATUS system increasing the range of the energy
thresholds decreases the energy resolution of the thresh-
olds.

SDet = Slne + Soth + SbackgTound (1)

The function used to fit the detector response is broken down
into three parts Si,. the part associated with the character-
istic line emission being used in the calibration,

[:L‘t'rm - Trmlnﬁ}

2
V2T rmuiatn,,. /2
(2)

and a companion high energy line Syt is fit with another
error function complement (erfc = [1-erf]) this extra response
curve could also be associated with the element emitting a

higher energy tail of diffuse emissions,

Slne - [Ilne +aineShr (xtr‘m —Trmlne)]erfc(

[Ttrm — Trmotn)

Soth = IozherfC(W
widthyp

)/2, 3)

also included in the fit are background emissions which are
higher energy than the max energy threshold of the settings

considered,

Background = bbackg'round + aback:Sh'r(xtrm - Trmlne)' (4)

This calibration focuses on the parameters used to fit the
detectors response to the characteristic line emission Sj,e.
The inflection point, Trmn. in equation 2, of each line emis-
sion’s response curve establishes the non-linear relation be-
tween trimbit and energy. It is shown that when the line
intensity is at 50% then the energy threshold is set to the
energy of the characteristic line” . The width of the detec-
tor’s response to the line is related to (Trmuwidtn,,, ). Also
(ainesnr) relates to the rate of response of the detector due
to charge sharing between pixels. An understanding of these
energy dependent effects and their relative importance is re-
quired to reliably solve for impurity densities from line cluster
ratios and T. from the slope of the background continuum.

1.  PIXEL-WISE ENERGY RESOLUTION AND
CHARGE SHARING

Previous papers on the characterization of the PILATUS2
gives some intuition to the energy widths and charge sharing
effects of the of the PILATUS3%°. However, a detailed analy-
sis is necessary to account the for energy dependence of these
effects to be a reliable impurity diagnostic The future use of
the PILATUSS3 as a plasma diagnostic requires a functional
energy dependent relation that can be included in the analysis
of plasma emissivities for each energy range setting.

The Trmuwidtn,,. fit parameter in equation 2 is related to
the full width of each detector response curve in trimbit, black
curves in figure 2 . To translate this width to energy we multi-
ply this parameter with the energy per trimbit (blue) or each
of the trimbit widths at their respective trimbit values (av-
eraging to yield the energy/trimbit for the inflection point,
Trmine). This translation into energy space from trimbit
space (black*blue = red) is plotted for each energy range in
figure 2. This width constrains counts of photons with energy
less than the energy threshold at each energy threshold and
its deviation from a heaviside response. Also shown in the
blue curve in 2 is how variation from non-linearity between
trimbit and energy depends on detector settings.

The detector also exhibits a linear response from photons
of energy larger or close to that of the threshold settings of the
pixel. This effect is attributed in Kraft and Pablant to pri-
marily originating from charge sharing between pixels leading
to double or missing counts when a photon of sufficient en-
ergy strikes the area between pixels. In this case depending
on the threshold settings and the energy of the photon the
charge cloud could trigger a count on both or neither pixel
when only one count should be recorded. This effect has been
modelled as a function of the ratio between the area of the
pixel and the area between pixels on the PILATUS2®. This
paper seeks to understand the photon energy dependence of
this linear term so that it can be accounted for in the analysis
of diagnostic data. Here the ainesnr fit parameter in equation
2 indicates the additional response of the detector per trim-
bit away from the inflection point of the line. This translates
into energy by multiplying this parameter with the trimbit
per photon energy for each characteristic line, this process is
displayed in figure 3.
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IV. CONCLUSIONS AND FUTURE WORK ACKNOWLEDGEMENTS

The calibrations and their parameters here will be used
to diagnose Ar, Mo, and W concentration profiles for the fi-
nal Alcator C-Mod campaign. In addition to being able to
map energy thresholds to trimbit, the energy dependent fea-
tures of the detector are accounted for. Calibrating the energy
width of the PILATUS3 response and modelling the energy
dependence of the additional response are essential to using a
broad energy range to diagnose impurities. Functional curves
of these parameters are generated from a characteristic line
emission calibration at Dectris Ldt. For future use of the low
energy threshold settings it is important to remove attenu-
ation from the air perhaps by pumping He into the region
between the detector and the pinhole. Also in the high en-
ergy range the absorption of Si drops off and if this region
proveg to be interesting the CdTe detectors have 100% in this
range”.

This work was performed at Dectris Ltd. and with support
from US DOE Contract No. DE-AC02-09CH11466 at PPPL
and support from DE-AC02-09CH11466.
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