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The recent developments in X-ray detectors have opened new possibilities in the
area of time-resolved pump/probe X-ray experiments; this article presents the
novel use of a PILATUS detector to achieve X-ray pulse duration limited time-
resolution at the Advanced Photon Source (APS), USA. The capability of the
gated PILATUS detector to selectively detect the signal from a given X-ray
pulse in 24 bunch mode at the APS storage ring is demonstrated. A test
experiment performed on polycrystalline organic thin films of w«-perylene
illustrates the possibility of reaching an X-ray pulse duration limited time-
resolution of 60 ps using the gated PILATUS detector. This is the first
demonstration of X-ray pulse duration limited data recorded using an area
detector without the use of a mechanical chopper array at the beamline.
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1. Introduction

In the past decade, time-resolved laser pump/X-ray probe
techniques have proven to be versatile tools for investigating
ultrafast dynamics in gases, solids and liquid solutions
(Larsson et al., 1998; Techert et al., 2001; Schotte et al., 2003;
Plech et al., 2004; Young et al., 2006; Christensen et al., 2009).
The highest photon flux per X-ray pulse is obtained at
synchrotron sources, where the time-resolution is generally
limited by the X-ray pulse duration (50-100 ps). Better time
resolution can be achieved using the slicing technique (100 fs)
(Schoenlein et al., 2000) or laser-driven sources (100 fs—5 ps)
(Zhavoronkov et al., 2004; Reich et al., 2007) at the expense of
the X-ray photon flux, limiting the use of these methods to
strongly scattering sample systems. In the near future, X-ray
free-electron lasers with femtosecond time resolution and a
high photon flux per X-ray pulse will become operational
(Saldin et al., 1999, and references therein; see also http://
ssrl.slac.stanford.edu/Icls/ and http://xfel.desy.de/), facilitating
investigations of ultrafast processes in a wider range of sample
systems. However, even with the new sources for ultrashort
X-ray pulses, time-resolved experiments at synchrotron
sources will still play an important role in understanding
ultrafast dynamics.

In order to reach the optimal time-resolution, the signal
from a single probe pulse arriving at the sample at a well
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defined time delay after a single pump pulse has to be detected
selectively. As synchrotron sources have repetition rates in the
MHz range and femtosecond lasers have repetition rates in the
kHz range, reaching pulse duration limited time-resolution is
not trivial. Two general schemes are used: (i) using an array of
mechanical choppers reducing the repetition rate of the X-ray
pulses to match the laser repetition rate (Wulff er al., 2002;
Nozawa et al., 2007); this scheme creates pump/probe pulse
pairs with a set time delay, hence it is possible to use inte-
grating detectors; (ii) using a fast X-ray detector able to
selectively detect the signal from a given X-ray pulse
(DeCamp et al., 2005). In both cases the time delay between
the pump and probe pulses is controlled electronically with a
timing jitter much smaller than the X-ray pulse duration.

Whereas the former scheme relies on highly advanced
mechanical hardware installed at the beamline, the latter can
be implemented using mainly electronic devices. In general,
the only detectors fast enough to selectively detect the signal
from a given X-ray pulse are based on photodiodes, previously
limiting detector choices to point detectors or small arrays. For
time-resolved experiments studying changes in the scattering
signal, area detectors are favourable, as they record a full two-
dimensional scattering pattern, reducing the data acquisition
time considerably.

Recently, there has been a development in the area of fast
detectors where arrays of silicon pixel devices have been
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assembled to create area detectors (Bronnimann et al., 2002;
Ercan et al, 2006), combining the advantages of the fast
detectors with those of area detectors. These detectors are
gateable with opening times in the nanosecond range. This
opens the possibility of selectively detecting the signal from a
given X-ray pulse, and thus reaching X-ray pulse duration
limited time-resolution. The present paper describes the
commissioning of a PILATUS100K pixel detector (Bronni-
mann et al., 2002) for time-resolved X-ray diffraction experi-
ments on weakly scattering organic thin films at the Advanced
Photon Source (APS) storage ring.

2. Experiment and discussion

The PILATUS detector is the first commercially available
gateable area pixel array detector. It is a single-photon-
counting detector with a 320 um-thick silicon sensor bump-
bonded to an ASIC with a charge shaping amplifier, lower
level discriminator and 20-bit counter in each pixel. It has a
full frame readout time of 2.7 ms; at the fastest shaping time
the dead-time of a pixel is 125 ns (http://pilatus.web.psi.ch/
DATA/REPORTS/rate_scans.html). In 24 bunch mode, which
is the standard mode of operation at the APS, the ring is
filled with 24 equidistant electron bunches with a current
of 425mA and a bunch length (r.m.s.) of 40 ps (http:/
aps.anl.gov/Facility/Storage _Ring_Parameters/node5.html)
leading to an X-ray pulse duration of about 60 ps. The
PILATUS detector can be operated in an external enable
mode, where the detector is only active during a gate signal.
The gate signal can be shorter than the 153.4 ns separation
between the individual bunches at APS in 24 bunch mode,
hence it is expected that the detector will be able to selectively
detect the signal from a given X-ray pulse, and thereby reach a
pulse duration limited time-resolution of 60 ps.

To investigate the response of the PILATUS detector to a
gate signal, the detector was gated using a 40 ns TTL pulse
with a repetition rate of 1 kHz supplied by a delay generator
(SRS SDG 535) locked to the ring frequency (~272 kHz).
This matches the repetition rate of the laser used for the
pump/probe experiments. The fastest shaping time available
on the PILATUS detector was used. The analog output of a
single-pixel charge-shaping amplifier is shown in Fig. 1(a); the
full width at half-maximum (FWHM) of the analog output is
115 ns. The arrival time of the gate pulse (7g), see Fig. 1(b),
was scanned over a period of 400 ns in steps of 10 ns. At each
T a scattering image was recorded and integrated (Fig. 1c).
This scan clearly shows a reproduction of the bunch pattern
with a 153.6 ns distance between the X-ray pulses. The X-ray
pulses are detected in a time window with a width about twice
the duration of the gate pulse; this is attributed to the length
of the comparator output in the pixel-counting circuit. No
significant dependence of this effect with pixel position was
found. The number of counts on the detector drops to zero
between the pulses making it possible to unambiguously
decide which X-ray pulse is detected by the PILATUS
detector.
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(a) Analog output of the charge-shaping amplifier of a single pixel at
the PILATUS fastest setting. The output was acquired using a digital
sampling oscilloscope (Tektronix TDS5104) and averaged over 100
pulses. A FWHM of 115 ns is found. (b) Schematic of the arrival times of
the various pulses in the experiment. (¢) Total number of counts on the
PILATUS detector as a function of the gate delay; the separation of
153 ns between the X-ray pulses and the ability to separate signals from
neighbouring pulses is easily seen.

The timing set-up for the laser/X-ray set-up is described
in detail elsewhere (Adams et al, 2002). For a pump/probe
experiment, the laser pump pulse arrives at the sample at time
T;. with a 1 kHz repetition rate and the chosen X-ray probe
pulse arrives at the sample at time 7x. Tp, the time delay
between the two pulses (Tp = Tx — T1), has a jitter of less than
10 ps and can be adjusted to any value between +1 ms; this
window is defined by the distance between neighbouring laser
pulses. The pulse sequence is shown schematically in Fig. 1(b).

Before starting time-resolved experiments it is necessary to
ensure that the gate pulse at 7 is timed to detect the X-ray
pulse arriving at Tx, and to determine the value of T for
which Tp is 0 (7). This is done through a two-step process.
(i) An avalanche photodiode (APD) (http://www.aps.anl.
gov/Xray_Science _Division/Beamline _Technical _Support/
Detector _Pool/Detector _Information/APD/), sensitive to
both laser light and X-rays inserted at the sample position,
measures the arrival times of the laser and X-ray pulses (7
and Tx). Monitoring the APD signal on a fast oscilloscope
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along with the gate signal, T and 77 are tuned to match Tx.
To optimize T, a scan similar to the one shown in Fig. 1(c) can
be performed. This first step allows for T, to be determined
with a precision of 1-2 ns. (ii) A scan of a time-resolved signal
from a well known sample, as described below.

A sample of weakly scattering vapour-deposited poly-
crystalline thin films of a-perylene was chosen to test the set-
up. These thin films have been studied in detail through a
series of time-resolved X-ray experiments (Lemke et al., 2009),
where it was determined that, within the first 100 ps after laser
excitation, energy is coupled into the lattice resulting in a
lattice expansion on this timescale. The fast lattice response
makes these films ideal to test the time-resolution of the
set-up.

A thin film sample, 5 mm X 5 mm in size, was mounted on
a six-circle diffractometer. The X-ray beam was focused to
100 pm in the direction vertical to the substrate plane in order
to maximize the incident flux in grazing-incidence geometry.
For specular scattering, the 6 and 20 angles were kept
constant, as the shift of the specular reflection was small
enough that divergence of the focused X-ray beam was suffi-
cient to keep the sample in the scattering condition. The
400 nm pump pulse was obtained by frequency doubling of the
output from a Ti:sapphire laser system with a repetition rate
of 1 kHz. The pulse energy at 400 nm was 300 pJ. The laser
was focused to a footprint of 2 mm x 7 mm and kept at normal
incidence. The PILATUS detector was controlled using soft-
ware developed at the APS (Rivers, 2008).

As the second step in determining 7y, the fast response of
the 001 reflection from the w-perylene film was probed. Two
software regions of interest (ROIs) were defined on the
PILATUS containing the top and the bottom of the 001
reflection, thus if the reflection moves vertically the ratio
between the two ROIs will change accordingly. Fig. 2(a) shows
this ratio as a function of T} with 200 ps step size; it is easily
seen at which Ty the ratio changes. This value is subsequently
set to be Ty. In the present case the precision of T is given by
the step size chosen for the scan (200 ps); however, this can be
considered an upper limit, as the sample response time is
known to be <100 ps and the X-ray pulse duration is about
60 ps.

For the time-resolved experiments, pairs of images with
laser delays of Tp and Treference WeTe acquired and subtracted,
generating difference images revealing the changes in the
scattering pattern induced by laser excitation. Treference Was
chosen to be —3.68 ps (one ring period), thus both images
were recorded using X-rays generated by the same electron
bunch, minimizing the need for normalization. With the laser
pulse arriving at the sample 3.68 ps after the X-ray pulse, the
fast dynamics initiated by the previous laser pulse are over and
the sample has had time to thermally equilibrate. Thus the
reference may be used to normalize for long-term effects, like
sample degradation and slow thermal drift. Each acquired
image is an accumulation of 10000 consecutive gating events,
and for each Tp multiple such 7 and Treference iIMmages were
recorded to improve the counting statistics of the experiment;
the fast readout time and low readout noise make this a viable
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(a) Ratio between the top ROI and the bottom ROI of the 001 reflection
of a-perylene as a function of the arrival time of the laser pulse 77 ; the
step at Ty is fitted to an error function with a FWHM of 60 ps. (b)
Difference image for 7T = —200 ps — TReference = —3.68 pis; the laser pulse
is arriving after the X-ray pulse in both images and only noise is seen. The
intensity is scaled up by a factor of ten compared with the image in panel
(¢). (c) Difference image for Tp = 100 ps — Treference = —3-68 pis; the laser
pulse is arriving 100 ps before the X-ray pulse and the shift of the 001
reflection owing to thermal expansion of the lattice is seen. (d) The shift
of the centre of mass in the vertical direction of the 001 reflection as a
function of time delay for two different thin films. Circles: 700 nm-thick
film; triangles: 500 nm-thick film; the error bars are the uncertainties on
the fit of the centre of mass of the reflection peak. The change is
proportional to the energy deposited in the film per unit volume and
matches the laser intensity used in the experiment.

option. In Figs. 2(b) and 2(c) two difference images of the 001
reflection are shown. Panel (b) shows the difference image for
a negative T, and only statistical noise is seen. Panel (c)
shows the difference image for a positive Tp, and the peak
shift owing to the thermal expansion induced by the laser is
clearly seen.

Time-resolved measurements of the 001 reflection were
recorded for two different thin films of w«-perylene with
thicknesses of 500 nm and 700 nm. Fig. 2(d) shows a plot of the
change in vertical centre of mass [COM(y)] of the 001
reflection as a function of time. The absorption length for
400 nm light is 300 nm in «a-perylene films, hence the energy
deposited per unit volume decreases rapidly through the film
and the average energy deposited per unit volume in the film
will decrease with increasing film thickness. The ratio of the
average initial temperature rise between the thin and the thick
film is expected to be 1.2 with the laser settings used in the
experiment. The ratio of the peak shift is observed to be 1.3 £
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0.4, hence there is a good match between the expected and
measured values.

3. Conclusion and outlook

The results described above show that it is possible to selec-
tively detect the signal from a given X-ray pulse using a gated
PILATUS detector and hence perform X-ray pulse duration
limited time-resolved X-ray diffraction experiments at a
synchrotron source using this type of detector. This has been
illustrated by an experiment investigating the peak shift of the
001 reflection of a-perylene caused by laser excitation. The
experimental findings match the expected thermal expansion
in the thin films. These are the first X-ray pulse duration
limited time-resolved X-ray experiments performed at a
synchrotron source using an area detector without the use of
mechanical chopper systems. The advantage of the area
detector is clear, as the data acquisition time is reduced by
about a factor of 60 compared with using an APD', even
without taking into account the possibility of recording
multiple reflections on a single image. The commercial avail-
ability of the PILATUS detector opens for the possibility of
performing time-resolved experiments at many more beam-
lines than at present, as it eliminates the need for advanced
mechanical chopper systems to be installed, while still making
it possible to obtain two-dimensional images of scattering
patterns. Similar to mechanical chopper systems, the
PILATUS requires a certain bunch structure in the synchro-
tron ring to reach the best possible time resolution. Our data
reveal that a bunch separation of at least 130 ns is needed to
selectively detect only a given X-ray pulse. Signal-to-noise
ratios could be further improved by virtually eliminating drift
between subsequent Tp and Tgreference iMages with future
detectors employing multiple gateable accumulation registers
for each pixel, allowing for the recording of both images
within one accumulation cycle. The lack of any reduction in
the X-ray repetition rate in the experiments leads to increased
X-ray beam damage of the sample compared with chopper-
based set-ups, however. The beam damage can be significantly
reduced by implementing a simple detector-synchronized

! To characterize a reflection in two dimensions using a point detector, scans
across the peak in both horizontal and vertical directions are needed. To be
able to detect the small peak shifts in time-resolved experiments, these scans
would typically contain 21-41 points and each point would require about the
same data acquisition time as one image recorded by the PILATUS detector.

heatload chopper at the beamline with opening times in the
microsecond range.
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