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ABSTRACT
We have studied timing properties of the Amptek Silcon Drift Detectors (SDD) using pulsed X-ray source
designed at NASA Goddard Space Flight Center. The proposed Neutron Star Interior Composition Explorer
(NICER) mission will use 56 of these detectors as X-ray sensors in an attached payload to the International
Space Station to study time variability of millisecond X-ray pulsars. Using a rastered pinhole we have measured
the delay times for single X-ray photons as a function of the impact position on the detector, as well as signal
rise time as a function of impact position. We find that the interdependence of these parameters allows us to
determine photon position on the detector by measuring the signal rise time, and, improve the accuracy of the
photon arrival time measurement.
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1. INTRODUCTION

NICER is an instrument that has been proposed to be installed at the International Space Station with the goal
of studying timing and spectroscopic properties of X-ray millisecond pulsars and physics of neutron stars that
constitute them.

Usually observed as pulsars, the number of known neutron stars has expanded dramatically in the past
decade, but existing instrumentation remains unable to provide the critical measurement capabilities–combined
time and spectral resolutions in X-rays–needed to uncover the physics of dense matter. This basic physics is
key to understanding the final stages of stellar and binary evolution, and thus has important astrophysical
implications as well.

The Neutron star Interior Composition ExploreR (NICER) o!ers order-of-magnitude improvements in time-
coherent sensitivity and timing resolution beyond the capabilities of current X-ray observatories. NICER will
carry out rotation-resolved spectroscopy of rapidly spinning neutron stars, enabling temporal ”lightcurve” anal-
ysis with unprecedented power to resolve competing neutron star models.

The total flux of X-rays from neutron stars is often the sum of several emission components with distinct
spectral and temporal properties. Without sensitive instrumentation, pulsar studies are hampered by i) the
averaging of photon energy spectra over time or ii) the averaging of temporal lightcurves over energy in order
to increase signal-to- noise ratios, when instead emission processes are best investigated as a function of energy
and time simultaneously. Time variations are primarily due to the star’s rotation, so the measurement technique
of choice is spectroscopic analysis di!erentiated according to rotational phase. NICER enables phase-resolved
spectroscopy for a large number of neutron stars to perform lightcurve analysis with unprecedented power to
discriminate between models of neutron star structure. NICER will time-tag each photon with an absolute
accuracy orders of magnitude better than currently available in the X-ray band, enabling extremely deep, phase
resolvable observations.

The capabilities that NICER brings to neutron star investigations are unique: simultaneous fast timing and
spectroscopy, with low background and high throughput that are not available on other instruments.



The instrument will consist of 56 pairs of compact X-ray concentrators and Silicon Drift Detectors (SDD).
The detectors will register arrival times of the X-ray photons and provide information about their energy. While
SDDs are not usually considered as primary timing sensors, in this case they o!er a valuable combination of
excellent energy resolution, operational simplicity and decent time resolution that exceeds mission requirements.
Amptek SDDs were chosen to populate the instrument focal plane and their properties were investigated here.

This paper is focused mainly on the timing parameters of the silicon X-ray detectors. We have tested SDDs
in a mode that has not been explored before: testing with fast pulsed X-ray source developed at Goddard Space
Flight Center (see more detailed description of it in another paper1 presented at this conference). SDD drift
time delays were evaluated before using laser light sources (see, for instance, early work2), but we need to study
detector reaction to tiny electron clouds produced by low energy X-rays, which might di!er from large and
extended light-generated clouds. The pulsed X-ray source which is also stimulated by a laser, and, hence, can be
very fast, enabled measurements of timing properties of the detector that, we believe, have not been done before
in X-rays. We found that timing accuracy of the SDD can be noticeably improved by accounting for time delay
due to drift of the charge clouds inside the detector.

2. DETECTOR AND MEASUREMENT SETUP DESCRIPTION
The SDDs for the instrument are o!-the-shelf Amptek XR100SDDs 25 mm2 detectors with thin aluminized
entrance window for good low energy response. Each detector is mounted on a thermoelectic cooler, which
maintains the detector at approximately !600 C while the package is at room temperature. The silicon structure
includes a classic series of p+ rings on a high resistivity n-type substrate. Applying higher voltages to the more
remote rings creates a potential gradient in the radial direction, guiding signal electrons to a very small, low
capacitance anode in the center. Device structure is schematically shown on Fig. 1. The detector anode

Figure 1. Sketch illustrating design and operation of Amptek Silicon Drift Detector.

is connected to the input of charge sensitive amplifier which converts signal electrons generated by an X-ray
photon into a voltage step. That signal is fed to the Amptek preamplifier and the output of preamplifier in
our experiments was watched by an oscilloscope. Usually the signal is further processed by shaping circuits
and is subjected to digital processing, but that introduces substantial time delays. Since timing was of primary
importance for this work, such processing was avoided. We found that connecting the output of the preamplifier
to the oscilloscope introduces its own delays and distortions that depend on the length of the cable that carries
the signal. In order to minimize this e!ect we have added a bu!er with the output impedance matching that of
the cable. As a result, very fast rising edge of the signal produced by X-rays interacting near the detector center
(about 10 ns, as will be shown below) could be captured by an oscilloscope.



Oscilloscope was utilized as a data acquisition machine. Upon triggering on an X-ray induced pulse, signals
were read out from the oscilloscope memory bu!er into the computer, so that data analysis could be done later
on a large collection of acquired data.

In order to measure drift time as a function of distance from the center of the detector, a pulsed X-ray
source1 was installed very close to the detector. The source consists of a UV LED clocked by an Agilent signal
generator, a channeltron which converts UV photons into electrons, and a high voltage electron impact X-ray
emitter. Light from the LED illuminates an entrance window of the channeltron, and electrons that emerge at
its exit are accelerated by high voltage (11 kV) and hit the target of the electron impact source. In our tests
titanium target was used, emitting characteristic K! and K" lines at 4.51 and 4.93 keV, respectively. Since all
the processes involved in X-ray generation are very fast, the timing of X-ray pulse is determined with a high
accuracy by an electric pulse applied to the LED. In the tests described below the width of this pulse constituted
20 ns (see top plot on Fig. 3).

To confine an X-ray beam to a small spot on the detector surface, a tungsten pinhole with the diameter d=50
µm was placed at a small distance l=3 mm away from the detector entrance window, and L=102 mm away
from the X-ray emitting titanium target. The size of the image at the output of the channeltron is D=3.2 mm
(determined by examining of burned-in mark on the used target). The configuration is shown on Fig. 2. It is
not hard to derive for this geometry that the maximum illuminated spot diameter on the detector is
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Figure 2. Geometry of the beam used to calculate maximum size Ddet of the illuminated spot on the detector surface.

Ddet = d + (D + d)
l

L
= 145µm

The central part of this spot will be brighter than the partly shadowed periphery, so the size calculated above is
only a rough estimate.

Both the width of the pulse and the pinhole size contribute to the error budget when the results are analyzed,
but reduction of either of those parameters leads to lower rate of X-ray photons reaching the detector, and,
increases the time of data acquisition.

Due to nonuniform ullumination of the spot and peaking nature of the LED pulse, the best way to evaluate the
errors introduced by finite spot size and extended time of the illumination is to perform Monte Carlo simulation
of the response. We plan to do such calculations in the future.

The pulsed X-ray source was mounted on a 2D translation stage, which allowed to move X-ray beam, defined
by the small pinhole, across the entire detector area and thus investigate changes in the detector response as a
function of photon position.



3. MEASUREMENT RESULTS
One channel of the oscilloscope was tracing the pulse applied to the LED initiating X-ray generation. The other

Figure 3. Signals recorded by an oscilloscope. Top: signal generator pulse applied to the LED that initiates X-ray emission.
Bottom: Preamplifier output showing a step corresponding to an X-ray photon. A step function with a slope was fitted
to the detector output signal, shown in red.

channel recorded the output of the preamplifier and it was set to trigger when an X-ray photon arrived. Both
signals corresponding to an X-ray event are shown on Fig. 3. In order to in a consistent way determine time
delay between the LED pulse and the detector response to an emitted X-ray and also the rise time of the detector
response, the best-fitted step function with a sloped edge was found for a recorded response to each X-ray photon,
as shown on Fig. 3. The result of such fit produces the start and the rise time of the detector reaction, as well
as the signal amplitude. The distance between the maximum point of the LED pulse and the start time of the
response was assumed to be the detector delay.

Figure 4 shows a histogram of the signal amplitudes found in such a way for X-rays illuminating the detector
center. Prominent Ti K! and K" lines are sitting on top of a very shallow continuum emitted by an electron
impact source. It demonstrates that this simple algorithm, that involves no traditional signal shaping and
processing, results in a decent energy resolution of 182 eV. For all the results described below from each data
set we selected only events which have amplitude within ±3! from the center of the K! peak. Analyzing
monocromatic data simplifies interpretation of the results and helps produce consistent results.

To study timing parameters as a function of position X-ray beam was moved across the device by a translation
stage with a step of 154.84 microns (this corresponds to 2000 inidvidual steps of the motor). Before the scan
the location of the detector center was found manually by minimizing delay time between the LED pulse and
X-ray events edge on the oscilloscope. This relatively crude localization was refined by the results of the scan,
as shown below.

At each location of the scan 5000 events were collected. Histograms of the delay time for each individual
spot have a nearly perfect gaussian shape, thus plotting a centroid and an error bar, whose length equals to



Figure 4. A histogram of the signal amplitudes extracted by fitting preamp signal as shown on Fig. 3. The spectrum
consists of low level continuum and Ti characteristic lines at 4.51 and 4.93 keV.

the gausian’s !, is su"cient for a comprehensive representation of the result. A plot of signal delay time as a
function of translation stage position is shown on Fig. 5. On one side of the detector the scan did not extend
all the way to the edge, thus the asymmetry in the number of points in the branches. Fitting a parabola to
the points close to the center of the detector (shown in red on the Fig. 5) allows to find center location very
accurately. This information was used to perform another scan in a direction perpendicular to the first one, this
time precisely through the detector center. We verified that thus found center location is indeed the center of
symmetry by reflecting the experimental data points across the center line, the reflected points shown as green
squares. They clearly align extremely well with the black triangles on the opposite side of the detector. The
delay time corresponding to the beam location in the center of the detector is 36.8 ns. The signal rise time in
the same spot is extremely short, just 11.6 ns.

The plot of the rise time as a function of position is shown on Fig. 6 for the same data as in Fig. 5. Rise time
values are much smaller than those of the delay time and changes with position are much slower. As a result,
the error bars of the rise time look much larger, in spite of being, in fact, smaller than the error bars of the
delay time in absolute terms. There is substatial overlap between the peaks of the rise times for adjacent spots
of the scan, unlike the peaks of delay time. This fact complicates the rise time-based correction of the photon
positions.

On Fig. 7 is shown rise time as a function of delay time for the data from the same scan. We omitted
error bars on this plot, because they would overshadow the data points themselves. The data points trend is
exceptionally smooth, with no visible scatter, indicating that the measurement quality is very high. These results
imply that, not surprizingly, there is a clear interdependence between signal delay and signal rise time for X-ray
photons interacting at di!erent locations of the detector. This dependence can be utilized to improve detector
timing characteristics by introducing a correction to the photon arraival time based on the signal rise time. Data
on the Fig. 7 will serve as a basis for such corrections. It is interesting to note that the measurements of the rise
time and the delay time in the center of the detector are inconsistent with simple-minded model in which anode
current starts flowing immediately upon electron cloud forming in the bulk of silicon opposite to the anode, and
charge sensitive amplifier voltage starts rising. In this model delay time should be just a few nanoseconds (delays
in cables, and preamplifier), and rise time should be on the order of 40 ns - that is what simple 1D estimates



Figure 5. SDD signal time delay as a function of translation stage position. Vertical dotted line indicates detector center
location found by fitting a parabola (red line) to the experimental points. Solid straight lines are plotted to show deviations
from linear behavior. Green squares are the same experimental points reflected across the detector center coordinate to
verify the symmetry of the result.

Figure 6. Signal rise time as a function of translation stage position, same scan as in Fig. 5.



Figure 7. Signal rise time as a function of signal delay time. Error bars are omitted for this plot to illustrate very low
scatter of the experimental data points.

predict for drift time of an electron cloud across the the wafer. Instead, delay time is close to 40 ns, and rise
time is extermely short, about 10 ns.

In reality the anode remains shielded by the potential of the surrounding guiding rings for most of the time
that electron cloud travels towards the anode. In other words, weighting coe"cient for anode in Ramo theorem
is very small during this phase. Only in the end of the cloud trajectory, when it comes very close to the anode, it
starts feeling signal electrons and gives rise to the voltage at the output of the preamplifier. This explains both
very short rise time – rise time reflects only the very last portion of the cloud movement, and long delay – anode
reaction starts only when the cloud traversed almost entire wafer on its way to the anode. To better understand
the details of this behavior 2D or 3D simulations of the device structure are necessary.

4. CONCLUSION AND FUTURE WORK
We have performed very accurate measurements of the SDD timing characteristics using the pulsed X-ray source
developed at GSFC. The results indicate that timing accuracy of the detector can be improved by introducing
a rise time-based correction to the measured photon arrival time. Currently new electronics is being developed
to implement such algorithms in a real system. We plan to perform Monte Carlo simulations, as well as device
structure simulations, to deepen our understanding of the possibilities and limitations of such an approach.
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