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ARTICLE INFO ABSTRACT

Keywords: Microcalorimeter X-ray detectors employing a transition-edge sensor are capable of very high energy resolution,
Detector but achieving this in practice depends on an understanding of the readout process. The combination of thermal
X'fay . cooling and thermoelectric feedback present in most circumstances produces a pulse whose area and amplitude
Microcalorimeter both vary nonlinearly with photon energy. The resolution is further affected by the presence of pileup pulses in
E;lsse processing the pulse or baseline that need to be detected and rejected down to an arbitrarily small level. We describe here

a method that includes both the rejection of pileup pulses and the correction of the nonlinearities. We have
implemented the process in a system that accepts pulses from multiple detectors and analyzes them in real
time. An initial brief X-ray spectrum from a standard sample supplies sufficient data for pulse characterization
and energy calibration. The system is then also enabled to combine pulses from multiple detectors into an
energy-calibrated histogram in real time.

1. Introduction

Microcalorimeter X-ray detectors have reached a level of develop-
ment that is starting to have a serious impact on X-ray spectroscopy. A
considerable amount of effort has gone into the realization of these de-
tectors, and it results in X-ray spectra with high resolution that cover an
extensive energy range. Nonetheless, their use is still not widespread.
This is due partly to a long path to commercial production but also to
the perception that such detectors are complex to operate. The need
for a robust real time analysis of pulses into spectra contributes to that
perception.

Since a microcalorimeter consists of an absorber of single photons
and a thermometer to measure small temperature rises, a key develop-
ment was the transition edge sensor (TES) [1,2]. It is a superconducting
film, held at a midpoint in the superconducting-normal transition,
that is exquisitely sensitive to small temperature increases [3,4]. A
critical feature in maintaining the stability of the transition point is
the invention of electro-thermal feedback [2,3]. Biasing the TES by
means of a voltage source creates an equilibrium point in the middle
of a temperature-resistance curve with steep slope and restores the
system to that point more rapidly than could happen by simple thermal
conductivity of the calorimeter element to the thermal bath.

The initial detectors were historically designed with characteris-
tics of mass and thermal conductivity such that the decay of a heat
pulse was completely dominated by feedback. This results in a rapid
exponential decay. However, design constraints resulting from a desire
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to optimize with respect to energy range, quantum efficiency, count
rate, or area may result in detectors where the return to equilibrium
is incompletely compensated by electrothermal feedback, in which
case the longer time constant of thermal conductivity is also evident.
In those cases, the decay of a pulse is more complex than a simple
exponential.

Much recent work has concentrated on the extraction of pulse
heights in systems which operate under conditions of highly nonlinear
pulse variation over the desired energy range, non-stationary noise
(noise spectra that change with pulse amplitude), and pulse pileup [5—
9]. Most of these methods depend on the establishment of covariance
matrices to determine, and compensate for, variations in the noise
spectrum and pulse height with incident photon energy. The process
of inverting the large matrix and applying it to correct pulse heights
is a complex and time-consuming computing process, and a different
covariance matrix is required for each pulse amplitude [5]. Some
authors have sought to apply various corrections due to baseline drift
and sampling timing as well [7]. While these methods may represent
the state-of-the-art when it comes to processing pulses from a TES X-ray
detector, they have so far only found a place in rather specialized ap-
plications such as X-ray observatory satellites or synchrotron radiation
experiments.

The more general use of microcalorimeter X-ray detectors as high-
resolution replacements for silicon drift detectors has long been a
goal of scientists concerned with microanalysis [10-13]. We describe
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here a pulse processing method that is tailored to microanalysis and
robust in performance without need for expertise in the physics of
microcalorimeters. There are several essential features of such a system.
One can limit the operation of the TES to a range that is only slightly
nonlinear and where noise is approximately stationary, so that digital
filtering is straightforward. One can then strongly test for, and reject,
pulses that may contaminate a stable baseline or pulse shape due to
pileup in order to maximize resolution.

This paper consists of two parts. We start by illustrating, using
a theoretical model evaluated under demonstrated conditions, how
nonlinearities inherent in TES performance can result in inaccuracies
of pulse height when extracted from a pulse pileup. Based on our
experience, a system that rigorously rejects pulses with any detectable
errors is desirable and performs well even at high count rates. The
model takes into account the departure from exponential in pulse decay
resulting from various TES detector design factors that need to be
identified in order to achieve high energy resolution [6].

We then describe the process by which we analyze a series of pulses
from a standard sample in order to characterize a given detector. The
data obtained from each detector (including noise spectra) are used to
construct a nonlinear model for the behavior of pulses as a function of
energy, an optimal digital noise filter, and a rejection scheme for pulses
that are pathological due to an unsteady baseline, pulse pileup, or other
problems. A procedure incorporating these functions can be expanded
to process pulses from multiple detectors in real time. The outputs are
individual histograms of pulse count vs. energy from each detector and
a combined histogram of pulse count vs. energy from all detectors.

Our method is relatively immune to pulse arrival time. We are able
to digitize pulses from multiple detectors in fully parallel operation.
The real-time analysis of pulses from a modern multi-detector system
involves considerations of parallel computing specifically tailored to
data-flow computing [14]. It can be employed equally well using the
multi-core CPU of a PC, an FPGA card, or a graphical processor.

2. Experimental

Our spectra were obtained using an 8-channel microcalorimeter
system. The details of one detector channel are shown schematically
in Fig. 1. Each detector consisted of a Bi absorber with a Mo/Cu TES
element that was coupled inductively to a single Josephson supercon-
ducting quantum interference device (SQUID). Each single SQUID was
coupled inductively to a SQUID array that was read out using room
temperature electronics.

The TES is biased with a current source. A representative inductance
of the coupling coil is L = 50nH, and a shunt resistance, Rg = 0.25m<,
is employed. The current source and shunt resistance, considerably
smaller than that of the TES, constitute a voltage source that provides
electrothermal feedback to the TES. Some systems employ an additional
inductor that is not coupled to the SQUID to extend the rise time of the
pulses.

Our TES are designed for an operating temperature, 7, = 100 mK.
We do not consider multiplexing operation here [15]. Each detector
chain was fully functional with a complete set of biasing and analog
pulse-processing electronics, so that all detectors and SQUIDs were
constantly biased and operating independently and in parallel at all
times.

The analog output of each detector was fed into a 16 bit A/D
converter. We estimate that it should be possible to operate a sys-
tem of at least 64 detectors (including the parallel pulse processing)
in this manner before cryogenic considerations of heat flow become
important.
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Fig. 1. The bias and coupling circuit for a single transition edge sensor (TES). Ry is
the dynamical resistance of the TES, R, is the constant parasitic resistance of normal
metal contacts, etc. Rg is a resistance to shunt most of the current from the source
I,. L is the inductance of the coil coupling the current pulses of the signal current I
into a single SQUID used as a readout element.

3. Theoretical

The proper design of a microcalorimeter pulse processing system
starts with analysis of the TES characteristics for the system at hand.
The general behavior of the TES has been described extensively [15].
The phenomenological model we used to simulate our detectors has
been described by Cabrera [16]. Its equations come from the require-
ments that the rate of heat inflow to the detector must equal the rate
of heat outflow from the detector and that the potential drops around
the circuit must sum to zero. This describes both the effect of cooling
to the reservoir and thermoelectric feedback. The behavior can be
summarized by a set of equations [16]:
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where C is the heat capacity of the absorber (including the TES), T is
the instantaneous TES temperature, T, is the substrate (reservoir) tem-
perature, Vs is the volume of the TES, and X is the electron-phonon
coupling constant in units W m~3 K= governing heat flow to the
substrate [17]. E, is the energy of the incident X-ray photon absorbed
at 1. The absorption of the X-ray photon is a quasi-instantaneous event
in comparison with the electronic and thermal time constants of the
system. The delta function satisfies this and expresses it as a power
term. I, is the bias current and I is the signal current. The constant
A is determined from Ginzburg-Landau theory, and Ry is the normal
resistance of the TES. T is the operating point, and AT is the width
of the transition on the expanded phase transition curve. Terms in the
original equations that describe noise in the system have been omitted.

The two differential equations (1, 2) are solved simultaneously using
the Runge-Kutta algorithm. A solution to these requires an estimate
of the initial values of current and temperature. In this work, we used
subroutines provided by LabVIEW™? as a convenient way to solve these
equations for our running conditions.

2 Any mention of commercial products is for information only; it does not
imply recommendation or endorsement by NIST.
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Fig. 2. Typical plot of TES resistance as a function of bias current. The fit comes from
a simultaneous solution of Egs. (1)-(3).

We have applied these equations to an absorber/TES detector with
physical characteristics modeled after our own: optimized for an energy
range of 8 keV, a T, of 100 mK maintained in equilibrium by a reser-
voir at 70 mK, decay times of approximately 200 ps. We observe that
electrothermal feedback does not completely compensate for the return
to thermal equilibrium, and pulses produced under these conditions are
in a regime described partially by purely thermal cooling and partially
by electrothermal feedback. The consequence of this is that the pulse
shape is slightly different at different X-ray energies.

Fig. 2 shows the behavior of a representative TES on one of our
detectors as a function of bias current. As the bias is reduced, the
TES transitions from the normal state into the superconducting state.
The normal state resistance of the TES is 7 mQ. We simulated this
experiment by finding the equilibrium values for temperature and
current through the detector when no energy is adsorbed from external
sources at a fixed bias current. The figure shows a comparison between
a typical set of bias setting results and the simulation.

For a detector biased at I, = 0.8 mA and exposed to X-rays, we found
that the model provided an excellent simulation of the experiment data,
as shown in Fig. 3.

In order to fit these curves, we needed to determine the heat capac-
ity C of the absorber and the thermal conductivity G of the absorber to
the reservoir. The electron—phonon coupling constant was taken as ¥ =
0.4 nW/um3K> [16]. These constants were readily obtained through
optimizing the fit to both peak shapes and the bias determination data.
Once determined from several curves, we were able to apply the model
to spectra collected on different days and different runs.

Our eight absorbers and TES detectors were fabricated to be iden-
tical, and we found only very small differences among their resistance
curves and pulse characteristics. The heat capacity of our typical ab-
sorbers was determined to be C = 6.3 x 10712 J/K, and the thermal
conductivity G = 18 nW/K.

Fig. 3(a,b) shows fits to two typical output pulses from the same
detector excited by photons at the Mg K« and Fe Ka fluorescence
energies. The pulses span the 8 keV operating range of the detector
and are the positive pulses that are also the feedback signal used to
maintain the SQUID in a neutral state (the pulses coupled to the first
SQUID amplifier are actually negative pulses in the TES current I¢(r)
as the TES heats up). Plugging in the quantities measured and the fits
of current to the observed pulses, we are able to determine the two
other time-varying quantities, T ¢(7) and Ry ¢(?) for the detector and
so complete the determination of the pulse shape.

The mathematical model serves to demonstrate the limitations in
resolution imposed by pulse pileup. In order to benefit from the energy
resolution of which the microcalorimeter detector is capable, strict
rejection of pulse pileups as well as clean baseline determinations are
desired. This is illustrated in the simulation shown in Fig. 4. It shows
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Fig. 3. (a) Experimental output pulse (blue) from a photon at the Fe Ka energy
(E = 6404 keV), fit (red) to the pulse using the model described in Egs. 1; (b)
Experimental output pulse (blue) from a photon at the Mg Ka energy (E = 1.254 keV),
fit (red) to the pulse using the model described in Egs. (1)-(3). (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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Fig. 4. Simulation of two pulses of equal energy, 1 keV, spaced by a delay of 120 ps
using the model of Egs. (1)-(3).

two pulses overlapping, with a separation of photon arrival time of
120 ps. We take both photons to have an energy of 1.0 keV. The second
pulse sits on the tail of the first.

Fig. 5 shows the detector current response for the first pulse alone
and the residual pulse after that first pulse has been subtracted from
the pileup. The small difference in the extracted pulse heights for
this one value of pulse delay would correspond to AE = 12.8 eV. A
distribution of pulse pileups with varying delays would give an additive
X-ray linewidth that would far exceed the resolution of the system.
The problem is the inherent nonlinearity in the TES bias curve. The
first photon causes the detector to heat. The resistance of the TES is
greater when the second photon arrives than when the first photon is
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Fig. 5. Pulse heights extracted by subtracting the first pulse from the pileup pulse of
Fig. 4.
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Fig. 6. Pulse height vs. energy as calculated from the model.

absorbed, so the current in the detector is less than for the identical first
photon. This lower current reduces the value of the I§R term. Thus,
the second pulse is not added in a linear way to the tail of the first
pulse. As a result, it is not possible to separate piled-up pulses using
deconvolution or filtering techniques without correcting the energies
in a complex manner [7]. While there may be some cost in count rates
by rejecting pulses exhibiting pileup to a high degree, we still feel that
it is the most straightforward manner to attain the maximum resolution
in a real-time algorithm.

Beyond this loss of linear response with pulse pile-up is the general
consideration of accuracy for single pulses. In order to achieve resolu-
tion around a few eV from a 4 keV photon, the system must have a
resolution on the order of 1 part in 2000. This requires a significant
time where the baseline is uninterrupted before a photon arrives. In
practice we measure 40% of our sample points before the photon is
absorbed, giving us a stable baseline to measure the peak. We ensure
that the only pulses we analyze are those that match the profile of a
single pulse with a steady baseline before the excitation. Within our
simulation model, it was possible to explore the linearity of the system.
Fig. 6 shows the peak height as a function of photon energy in the range
0 keV to 10 keV. For our detectors, it is clear they are near linear with
pulse height for energies less than 4 keV as can be seen. As discussed
above, the loss of linearity with pulse height is a serious issue for pulse
analysis. As discussed in ref [16], under conditions where the model
pulse height saturates, the pulse area continues to increase with energy.
Fig. 7 shows a plot calculated from the model of the pulse area vs.
energy. The improved linearity relative to pulse height vs. energy is
visible.
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Fig. 7. Calculated pulse area vs. energy according to the model.

We tested the analysis of pulse heights vs. analysis of pulse areas
as a criterion for acceptance for spectra. In practice we arrived at a
hybrid solution. A plot of pulse areas vs. pulse heights is an excellent
indicator of pulses in situations where either the pulse or the baseline
is corrupted. In practice, the upper range of X-ray pulses accepted for
digitization was normally cut off at a limited amount of saturation out
of consideration for the linear response of the SQUID amplifiers as well.
A plot of the pulse height vs. pulse area is shown in Fig. 8.

Experimentally, the locus of points that represent pulse areas vs.
pulse heights for a given detector can be represented by a nonlinear
fit function to arbitrary accuracy. For every pulse, it is possible in real
time to determine how far it deviates from this function. By setting
a criterion for acceptability based on this deviation, we can eliminate
pulses that have failed for reason of pulse shape, baseline, or both.

4. Algorithm for pulse analysis

In our practical test, we had analog outputs from eight microcal-
orimeter X-ray detectors whose pulses had a rise time of approximately
10 ps and a decay time of approximately 200 ps. The output of each
channel was then digitized by a 16 bit A/D converter at a sampling
rate of 1.25 MS/s. On triggering, each pulse was digitized in a block of
4096 samples, of which 40% were pre-trigger samples of the baseline,
and 60% were samples of the pulse after triggering.

The algorithm that we employed for pulse analysis consisted of
three parts. In the first part, a limited but sufficient amount of data
was obtained to construct a noise spectrum and an ideal (noise free)
pulse template. This could be performed on a test sample that supplied
several X-ray lines covering the desired energy range. From these data
a response curve for ideal pulses and an optimal digital filter for the
actual pulses were constructed. In the second part, the system was
allowed to run long enough with the “standard sample” to provide
a spectrum with reasonable statistics. A peak fit to the X-ray lines of
known elements in the standard sample generated an energy calibration
file for pulse heights for each microcalorimeter detector element. At
this point the third part is to obtain an X-ray spectrum from any sample.
While this procedure may seem involved, it should be remembered that
it is completely automated and takes only a few minutes. Furthermore,
in a multiple detector system with individual channels of digitization,
the procedure is carried out for each channel simultaneously.

Microcalorimeter detectors have no fixed energy scale. Each detec-
tor has a slightly different response function, which is a property of
not only the TES itself, but of the single SQUID and SQUID arrays
that are employed as low-temperature amplifiers of the TES current
pulse. Furthermore, these properties change as a function of cooling
the system to its operating temperature and the presence of trapped
flux, so a new calibration of the system is required at the beginning of
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Fig. 8. Pulse height vs. pulse area from the model. The energy range covered is O
keV-8 keV.

each operating period. We used X-ray lines of known energy to calibrate
their energy scale. The calibration should remain good as long as the
reservoir was maintained at the constant temperature.

The digital signals from the multiple A/D converter channels were
fed into a parallel bus, and all operations were carried out using a stan-
dard multi-core processor. The operations on all detectors were carried
out in parallel using a system configured for data flow computing such
as LabVIEW™.

The first part is initiated by turning off the source of X-ray pulses.
The system is allowed to digitize M blocks of 2L samples. A noise
spectrum is obtained by taking the fast Fourier transform (FFT) of the
data.

The source of X-ray pulses is again turned on for the first pass of
constructing a pulse template. We take a sample of N pulses triggered to
be above the selected threshold. After determining the peak position of
each pulse by a polynomial fit, 2L samples consisting of 40% pre-trigger
and 60% post-trigger are recorded for each pulse, and the sample
sequences are averaged to provide an initial pulse template.

The pretrigger samples are used to establish an accurate baseline.
The stability of this baseline is used as an indicator of overall stability,
and data input is halted when the variability of the baseline exceeds
preset limits. This is also useful in the event that the SQUID electronics
loses lock in its feedback network. The software halts until the baseline
determined by the pretrigger samples returns to within the preset
limits. Once the baseline was determined, the pretrigger samples are
trimmed from the dataset, leaving only the posttrigger samples.

A second set of N pulses is now recorded, with the added condition
that each pulse must satisfy a Pearson’s correlation function [18] with
the initial pulse template at a certain correlation coefficient (e.g. ¢ =
0.80). The sample sequences of these pulses are now averaged to
provide an improved pulse template.

A third set of N pulses is now recorded, with the added condition
that each pulse must satisfy a Pearson’s correlation function with the
previous pulse template at the desired correlation coefficient (e.g. ¢ =
0.95 or higher). The sample sequences of these pulses are now averaged
to provide a highly improved pulse template. The first pass of the
pulse template inevitably includes a large number of pulses that involve
pulse pileup, or subtrigger pulses in the baseline, or other pathological
behavior. In successive iterations, the correlation function discriminates
against acceptance of undesirable pulses to an increasing degree. Three
passes are usually sufficient to produce a pulse template that represents
a single photon absorption on top of a clean baseline.

An FFT of the binary sequence can now be combined with the noise
spectrum to create the parameters of a Wiener filter [19]. The Wiener
filter is now applied to all future incoming pulses. A new set of N pulses
are obtained that again satisfy the Pearson’s correlation function to the
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Fig. 9. Representative plot of pulse height vs. pulse area from a digitized record of
pulses when all pulses are accepted. The distribution of points includes pileup pulses,
prematurely terminated pulses and contamination of the baseline with undetected
pulses.

desired level. Instead of averaging these pulses, individual peak heights
are extracted by fitting a polynomial to the peak and subtracting the
averaged baseline. In addition, the areas of each pulse are determined
by summing the post-trigger sample values minus the baseline.

The locus of points consisting of pulse height vs. pulse area con-
stitutes a validity curve which strongly identifies single pulses against
pathological pulses. A polynomial fit to this curve defines a validity
function. X-ray pulses of any amplitude from a sample whose area or
energy deviate from the validity function by greater than a defined
amount are rejected. The energy resolution of any detector element is
determined by the limit of deviation from the validity function.

The second part of the procedure consists of obtaining a histogram
of pulses from a standard sample consisting of X-ray lines of known
elements. This sample can be the same one used to construct the
discrimination procedure of the previous step. A sample containing
a substantial number of X-ray lines that span the pulse height range
of the microcalorimeter detectors is desirable. A histogram of X-ray
pulse statistics sufficient to provide an arbitrary signal-to-background
ratio can now by fitted using the known energies of the X-ray lines
to produce a polynomial or other (e.g. spline polynomial) calibration
curve.

At this point, we are able to obtain X-ray spectra from any sample.
Calibration curves for each detector allow us not only to convert
histograms into energy spectra but also to combine the outputs of
individual detectors to obtain aggregated spectra rapidly. It should be
noted that the energy resolution of individual detectors exceeds the
X-ray lifetimes by an order of magnitude, so each detector produces
a Gaussian lineshape that will generally vary with characteristics of
the detector and of the SQUID electronics. Combining the outputs of
multiple detectors will distort the lineshape, but most current applica-
tions of X-ray microanalysis are concerned with adequate count rates
and resolving the separation of X-ray lines. A variation in resolution
between detectors of even 1-2 eV will generally not affect the ability
to identify and analyze characteristic lines of most elements.

5. Performance

The pulse analysis system has been tested extensively on a mi-
crocalorimeter instrument consisting of eight detectors optimized for an
energy range of 0 keV-8 keV. The best resolution obtained by carefully
biasing the SQUID electronics was 4.6 eV (see below), with a range of
resolutions among the detectors of 4.6 eV-5.5 eV and an average of 5.0
eV. The resolution depends on nonlinearities in the SQUID electronics
as well as the intrinsic noise in the TES itself. We operated with a
typical count rate of 40-100 c/s for each detector. We record the total
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Fig. 10. Locus of acceptable pulses (red dots) from a TES detector after rejection of
pathological pulses plotted as pulse height vs. pulse area. Black curve is the validity
function fit to a 5th order polynomial then used to determine acceptable pulses in
successive spectra. The energy range of X-ray pulses covered is 8 keV. The gain
conditions were not identical to the data in Fig. 9. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

number of good pulses and rejected pulses, which allows us to calculate
dead time as in conventional detectors.

Operating at a higher count rate only leads to a rapidly increasing
rejection ratio of bad pulses. At a count rate of 140 c/s, a rejection rate
of 40% may be typical. Our software optimizes the distribution of pulse
processing between the different cores of the processor, with the result
that the average core occupation time in the CPU was about 20%. This
implies that we can incorporate considerably more detectors into the
system before exceeding capacity for real-time operation. The software
can readily be carried over to computation using an FPGA card, or even
a graphics card, expanding the capability even more.

Fig. 9 shows a representative plot of individual events plotted on
axes of peak height vs. peak area. The red dots indicate events observed
when no pulse rejection is activated. Large numbers of pulses deviating
from the main locus of points are due to pulse pileup, pulses that
were prematurely terminated, and baseline errors from prior pulses that
extended into the baseline or from pulses below trigger threshold.

Fig. 10 shows a representative curve where the red dots correspond
to individual events that have been accepted by the correlation function
after carrying out the process described. The locus of these points
constitutes the validity curve as described above. The solid line is the
fit of the validity function that will be used to determine the acceptance
of pulses in the spectrum

Fig. 11 shows a portion of an X-ray spectrum from a NIST standard
glass sample excited by a scanning electron microscope beam. It was
limited to pulses that show a deviation from the validity function
coordinates by less than 1.5%. The sample contains multiple elements,
and the characteristic lines from these elements were used in the
fit process to determine the energy calibration. The complete range
of the spectrum contains approximately 22k channels with a scale
of approximately 0.3 eV/channel. This scale allows one to observe
structure at any part of the spectrum. For example, an expanded view
of points in the vicinity of the Si Ka line from the spectrum is shown
in Fig. 12.

A fit to the Si Ka,, characteristic line clearly separates it from Si
Kas, satellite lines [20] with a resolution at FWHM of 4.58 eV. The
intrinsic resolution of a TES detector is, in principle, only dependent
on the overall energy range [16], and therefore constant. We have
attempted to avoid operating in a region of nonstationary noise that
could affect this.
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Fig. 11. Representative X-ray emission spectrum from a NIST standard glass containing
several elements. The spectrum was obtained from a single detector using the rejection
method as described. The spectrum is displayed after energy calibration as described
in the text.
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Fig. 12. Expanded view of the Si Ka line from the spectrum of Fig. 11.

6. Conclusions

We have described a system that automatically obtains X-ray spectra
from a multielement microcalorimeter detector by digital processing in
real time. With an array of detectors, it would be highly suitable for X-
ray microanalysis applications. The system rejects the frequent pileup
pulses that degrade the high resolution of which the microcalorimeter
detector is capable. It calibrates the energy scale of each individual
detector element, using a calibration sample. The system employs a
preliminary process to create a noiseless ideal pulse by successive iter-
ations of averaging and correlation of X-ray pulses from the calibration
sample as they are digitized. When combined with a noise spectrum of
the system, a digital Wiener filter is implemented. Pulses then accepted
after filtering and correlation with the noiseless pulse are used to create
a pulse height vs. pulse area curve that can be used to determine
the validity of X-ray pulses from any desired sample. Pulses that are
accepted within a minimum deviation from the validity function exhibit
no sign of pulse pileup, allowing one to obtain an X-ray spectrum of the
highest obtainable resolution in real time.

Characteristic lines from the spectrum of the calibration sample are
used to obtain an energy calibration function for each microcalorimeter
detector element, which allows pulses to be combined in a single
histogram with an increased count rate. The resulting spectrum can be
viewed and stored in real time.
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