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Introduction

There is a strong demand in broad areas of today's physics, chemistry, and biology on the precise characterization of the structure of materials and its evolution in time. The structural dynamics of complex systems built from many atoms involve intermediates and transition states on a multidimensional energy landscape. In the solid state, the whole processes may cover 15 orders of magnitude in time, from femtoseconds to seconds. Electronic motions are the fastest processes in the femtosecond and sub-femtosecond regime, atomic motions and molecular vibrations occur in the subpicosecond time scale (Bertoni et al., 2015;Collet et al., 2012;Lorenc et al., 2009;Lorenc et al., 2012), optical and acoustic phonons (lattice vibration) occur in the ps time scale (Lindenberg et al., 2000;Sokolowski-Tinten & von der Linde, 2004), while heat diffusion and thermal transfers in crystalline solids happen in slower time scale (Bertoni et al., 2015;Collet et al., 2012;Lorenc et al., 2009;Lorenc et al., 2012). The μs-ms range is dominated by macroscopic transformations in crystals, such as domain and domain wall dynamics in ferroic crystals (polarization switching in ferroelectrics) (Grigoriev et al., 2006;Issenmann et al., 2012), propagation of macroscopic elastic deformations (ref); this timescale corresponds also to the lifetime of long-lived molecular metastable states. In the past decade, timeresolved laser pump/X-ray probe techniques proved to be important approaches for investigating structural dynamics in gases, solids and liquids down to the femtosecond time scale (Chen, 2004;Kim et al., 2015;Dwayne Miller, 2014;Chergui & Zewail, 2009, Patterson, 2014). The common measurement method consists in aligning jointly a pulsed laser and pulsed X-ray beam on the sample, and synchronizing the two pulses with an adjustable time delay ∆t between laser pump and X-ray probe. Varying the time delay, the corresponding X-ray scattered or absorbed signal provides a direct monitoring of the light-induced structural evolution of the sample as a function of time delay. Dedicated time-resolved X-ray absorption and X-ray diffraction instruments have been developed at synchrotron radiation facilities, where the effective highest time resolution is defined by the synchrotron bunch duration, typically in the 50-100ps range (Chollet et al., 2015;Ejdrup et al., 2009;Ichiyanagi et al., 2009;Wulff et al., 2002;Nozawa et al., 2007). The frequency of the pump-probe cycles is given by the orbit time (2.82 s at ESRF, 1.18 s at SOLEIL, 3.68 s at APS for instance) and the filling mode of the storage ring (uniform filling, single bunch mode, …), and make use of phaselocked mechanical choppers to select individual X-ray pulses (Cammarata et al., 2009;Gembicky et al., 2009). Recently, time resolution in the femtosecond time regime has been achieved using the slicing technique at synchrotron radiation facilities, (Beaud et al., 2007;Laulhé et al., 2015) or X-ray free electron lasers (XFEL) operating in the hard X-ray regime (Patterson, 2014). Efforts have been made also on the laboratory scale, with laser-driven plasma table-top sources offering an attractive alternative to accelerator-based sources (Zamponi et al., 2009;Elsaesser & Woermer, 2014). Monochromatic X-ray pulses are generated by focusing very intense femtosecond optical laser pulses onto a metallic target (Cu or Ti), producing characteristic K hard X-ray pulses of typically 100 fs duration. These plasma sources are however rather complex and laborious to operate.

Two different instruments for measuring the X-ray diffraction pattern of optically excited crystals based on a conventional in-house diffractometer have been reported by the group of P. Coppens. The very first experiment reported in 1994 used a high power continuous laser, a conventional X-ray diffractometer and a gated X-ray scintillation point detector (White et al., 1994). The laser beam was chopped with a mechanical chopper, which consisted of a slotted blade rotating in front of the laser to produce periodic laser pulses of frequency and width adjustable through the blade rotation speed and slot width respectively. The X-ray detector was synchronized with the rotation of the chopper to adjust the pump-probe time delay ∆t. The technique was appropriate for 0.1-10 ms time resolution.

The second technique, reported in 2014, used a pulsed laser, a conventional X-ray diffractometer equipped with an integrating Charge Coupled Device detector (CCD), and an optical chopper located in the X-ray beam path (Kaminski et al., 2014). Contrary to the initial approach, the X-ray beam was chopped to produce X-ray pulses of adjustable frequency and time width. The laser pulses were synchronized with the X-ray pulses to adjust the pump-probe time delay ∆t. The advantage of this setup is the use of an area X-ray detector which covers reciprocal space more efficiently than a point detector.

The last years have seen the revolution in X-ray diffraction introduced by the novel generation of photon counting Hybrid Pixel Area Detectors (HPAD) (XPAD, PILATUS…) (Henrich et al., 2009;Pangaud et al., 2007;Medjoubi et al., 2010;Dinapoli et al., 2011;Johnson et al., 2012;Alle et al., 2016). These detectors can be considered as a matrix of hundred thousands of independent point detectors. Their electronics allow frame rates up to the kHz regime, and an internal time-resolution down to a hundred nanoseconds. This kind of detector may therefore be efficiently used to isolate single X-ray bunches from the pulse train of synchrotron radiation sources in stroboscopic pump-probe measurements (Lauhé et al., 2012;Jacques et al., 2016). We implemented a hybrid pixel detector on our laboratory diffractometer, originally for the study of electric-field induced structural changes (Fertey et al., 2013), and recently demonstrated also its excellent potential for high-resolution X-ray diffraction studies (Wenger, 2015;Wenger et al., 2014). Here, we report on the extension of this setup to laser pump/Xray probe time-resolved crystallography in the millisecond time scale. We demonstrate the feasibility of this kind of experiments using the photo-induced linkage-isomerisation in Na 2 [Fe(CN) 5 NO].2H 2 O (sodium nitroprusside, SNP) as a prototype case. This example allows for a thorough test of the capabilities of our setup: photo-induced variations of Bragg intensities of the order of 1% have been detected within acquisition windows as short as 6 ms, limited only by counting statistics.

The paper is organized as follows. In the first section, we describe the different elements of the experimental setup and the appropriate measurement methods for millisecond time-resolved photocrystallography. In the second part, the results of photo-induced linkage-isomerisation in SNP is reported.

X-ray diffractometer for in-house time-resolved photocrystallography

We have initially designed an experimental approach to perform X-ray diffraction on single crystal under in situ electric field perturbation using a specific pump-probe mode called the field-switching method (Fertey et al., 2013). It consists in the application of a periodic four-step electric field (E=E + , 0 + , E -, 0 -) on the sample, and measuring the diffraction signal in a quasi-static mode sequentially during the four steps. The corresponding structural response of the crystal can be investigated through the electric field induced position shift ∆θ and relative intensity variation ∆I/I of Bragg peaks. A setup based on a laboratory X-ray diffractometer was elaborated using a fast hybrid pixel area detector XPAD gated in synchronization with the four electric field steps applied on the crystal. A dedicated firmware allowing adapted architecture of the internal electronics of the detector permitted multiplexing and stacking inside the detector of the four different diffraction frames corresponding to the four measurement steps. An appropriate statistics was achieved by the internal summation of numerous pump-probe cycles leading to four images read out of the detector as a final result of the experiment.

Based on this operational experiment and methodology, a new setup has been developed for lightinduced time-resolved crystallography. The approach combines two experiments performed simultaneously on the same single crystal sample on the diffractometer : (1) time-resolved lightinduced X-ray diffraction, and (2) transient optical absorption spectroscopy. These two experiments provide the optical and structural response of the crystal under in situ pulsed laser excitation as a function of time.

The pump-probe approach using a gated X-ray photon counting XPAD detector

Time resolved X-ray photocrystallographic experiments are conveniently performed using a sequential stroboscopic scheme. Depending on the type of X-ray source, laser pump, and X-ray detector, there are essentially two different schemes for performing pump-probe measurements, as illustrated in figure 1.

(1) In the first case (fig. 1 left), the X-ray probe beam consists of a sequence of short X-ray pulses X(t), whose frequency defines the overall time scale of the experiment. During an individual cycle, a dynamical process is initiated by applying a short laser pulse to the crystal, whose response is monitored after a tunable time delay Δt through the X-ray scattered signal. The sample response may be of different kinds, such as transient population of metastable state species, change of crystal symmetry, whose signature is detected by a transient modification of Bragg peak intensity, shape or position. Pump laser pulses S(t) are accurately synchronized with the train of X-ray pulses, adjusting the desired time delay Δt. The signal scattered by the crystal sample occurs only during the X-ray pulses X(t), so that a conventional integrating CCD or Image Plate detector is convenient. The pump-probe cycles are repeated until a satisfactory signal to noise ratio is achieved to provide on the detector a summed scattered signal, signature of the transient structure of the sample averaged over X(t). These experiments are typically based on the intrinsic time structure of synchrotron radiation, plasma sources, or XFELs, and make use of phase-locked mechanical choppers to select X-ray pulses ; the X-ray pulse duration X(t) is in the range of hundreds of picoseconds to femtoseconds. The time resolution is controlled by the pump and probe pulse widths 𝜏 𝑝𝑢𝑚𝑝 and 𝜏 𝑝𝑟𝑜𝑏𝑒 respectively), the mismatch in the temporal overlap between the pump and probe pulses (𝜏 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ ), and the timing (2) In the second approach (fig. 1 right), a continuous X-ray beam is delivered by a rotating anode or a conventional X-ray tube. During the pump-probe cycle, the structure of the crystal sample is continuously changing, as well as the scattered signal on the X-ray detector. In order to probe the transient structure, the scattered signal is sampled by using a fast-gated detector such as a hybrid pixel photon counting detector, a streak camera, or an avalanche photodiode. The effective recording of the signal by the detector occurs only during a short adjustable window X(t). In that case, the laser pulse serves as a trigger for the gating of the detector, and synchronization with a tunable time delay

Δt. The maximum time resolution is in that case also dependent of the electronic response time of the X-ray detector:

𝜏 = (𝜏 𝑝𝑢𝑚𝑝 2 + 𝜏 𝑝𝑟𝑜𝑏𝑒 2 + 𝜏 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ 2 + 𝜏 𝑗𝑖𝑡𝑡𝑒𝑟 2 + 𝜏 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 2 ) 1 2 ⁄ Figure 1
Principle of time-resolved X-ray scattering pump-probe measurement with (a) an intrinsically pulsed X-ray beam (e.g. synchrotron, plasma source or XFEL), (b) a quasi-continuous Xray beam with a scattered signal sampled by a fast-gated detector (only one delay is depicted here). The sample response may be considered as a metastable state population

These two schemes have a different impact on the X-ray scattered signal-to-noise ratio (noise is here considered as the estimated standard deviation on the measured signal). In the first case, the X-ray detector acquires the signal continuously, but scattering from the sample occurs only during X(t) (blue areas in figure 1). If a CCD detector is used, the statistics of the experiments suffers from CCD readout noise and dark current. On the contrary, a gated hybrid pixel detector, such as our XPAD detector, is governed by photon counting statistics, and does not suffer from dark current and read-out noise.

Signal acquisition is defined by tuneable measurement time windows (X(t) in figure 1 right) whose temporal width is only limited by the detector response time (150 ns for XPAD). For a laboratory based time-resolved experiment, a hybrid pixel detector is therefore very advantageous.

Another major difference between the two schemes is the possible number of simultaneous measurement windows. In the first case, only one X(t) window, corresponding to one delay Δt can be acquired by the detector at the same time. The experiment should be reproduced for different delays to collect a complete temporal dynamics. In the case of the XPAD detector, the firmware allows collecting and stacking simultaneously four different images, as described above for the sequential four-step electric field measurement. The adaptation to the present photocrystallographic method leads to four different time delays being acquired simultaneously and stacked inside the detector; figure 1 right illustrates only one measurement window, the principle for the four-delays measurement is shown in figure 2 and3.

Layout of the instrument

Our time-resolved light-induced diffraction setup is following the second scheme described in the previous section, using a gated hybrid pixel area detector XPAD. The instrument consists of several elements combined in two simultaneous experiments : time resolved diffraction and transient absorption spectroscopy. A layout of the instrument is given in figure 2. The pump system consists of a Surelite II-10 Nd-YAG pulsed laser equipped with an optical parametric oscillator (OPO, model SLOPO+). The system delivers laser pulses with 3-5 ns duration at a frequency of 10 Hz. The OPO is tuneable in the range 400-700 nm. The laser beam is directed to the single crystal sample on the diffractometer using a series of silver-coated mirrors and precisely adjusted and focussed through appropriate lenses to illuminate the crystal uniformly (i.e. the beam is larger than the crystal). A pump-probe cycle is defined by the time between two laser pulses (100 ms at 10 Hz frequency of the Surelite II-10 system). During 100 ms, the single crystal sample is excited once at t=0, followed by a temporal evolution. The molecules in the sample are for instance excited by the pump laser pulses at t=0, and then recover the ground state within 100 ms through possible intermediate transient states, so that the sample is recovering the ground state before the next laser pulse; this is mandatory for such a stroboscopic scheme. If a lower repetition rate, corresponding to a longer pumpprobe cycle is required, a fast shutter can be installed at the output of the pump laser to select a fraction of the pulses out of the pump laser sequence (e.g. one pulse over two, …).

Using a pinhole of 110 µm in diameter (typical of a single crystal sample size and X-ray beam size of our diffractometer), the pump laser photon flux on the sample position has been evaluated to 9.10 18 photons.cm -2 per pulse at 450 nm. For the SNP crystal that we chose for our subsequent validation, this corresponds to nearly 2000 photons per molecule per laser pulse.

Single crystal transient absorption spectroscopy

It is usually convenient to completely characterize the photo-physical properties of the sample using transient optical absorption spectroscopy or luminescence as a function of temperature in a prior experiment to prepare the subsequent photocrystallographic investigation. Such optical studies of the photoexcitation process allow defining important parameters such as : photoexcitation efficiency, thermal relaxation properties (activation energy, frequency factor), number of transient excited states, population evolution of the excited states, reversibility of the complete process, bleaching effects. It is especially important to assess the reversibility of the photoexcitation with respect to the frequency of the envisioned pump-probe measurement (repetition rate in figure 1). For our purpose, we decided to develop a transient optical absorption spectroscopy experiment centred on the crystal mounted on the X-ray diffractometer, allowing performing the optical measurement simultaneously with the photocrystallographic one. The system consists of a continuous optical probe laser aligned on the crystal sample, and focussed to a diameter smaller than the diameter of the pump laser at the sample position, in order to achieve a perfect spatial overlap. The transmitted light is detected with a 200 MHz Si-Pin diode from Femto Messtechnik GmbH. Interference filters are mounted in front of the probe diode to attenuate the pump laser light.

Time-resolved photocrystallography with the XPAD detector

The X-ray diffraction experiment is based on a modified Bruker-Nonius Mach3 four-circle diffractometer equipped with a molybdenum Incoatec microfocus X-ray source, and a nitrogen gas flow cryogenic system (Wenger, 2015). The typical X-ray beam size at the sample position is of the order of 100 µm, and the photon flux is estimated to 2.10 9 ph.s -1 .cm -2 . The complete goniometer movements are controlled by a prototype software to avoid any collisions with all the optics, optics holders, and X-ray source elements. This is automatically taken into account in the preparation of the optimized diffraction data collection strategy.

The most important element of the setup is the X-ray hybrid pixel area detector XPAD S270. We have previously presented the working principle of hybrid pixel detectors and compared their characteristics with CCD and CMOS detectors (Allé et al., 2016), and we described the specific stacking pump-probe mode of the detector (Fertey et al., 2013), so that only the main characteristics for the present photocrystallographic concerns are recalled here. The XPAD consists of 4 modules arranged horizontally in a flat geometry. Each module contains seven chips each consisting of 9600 pixels (pixel size 130×130 µm 2 ). The resulting images have a size of 75×73 mm 2 , including blind areas separating the different modules. The X-ray photons are absorbed by the upper 300 µm thick silicon sensor layer with 37% absorption efficiency for Mo energy. Each X-ray photon is converted into one electrical pulse that is individually counted for each pixel by an independent counting channel (12-bit counter value).

Each pixel counting channel is controlled by an electronic gate, so an electrical gate signal (logical value 1 or 0) enable or disable the counting process (open or close the gate), this function is the so-called electronic shutter and can switch as fast as 150 ns (which sets the shortest possible image X-ray exposure time and is short enough for single bunch experiment at synchrotron). Once the acquisition is over, the counter values of the pixels (9600 for each electronic chip) are transferred (read) to the electronic board in t R = 1.7 ms. Once the reading is done, the image can be processed on the board inside the detector, independently of what occurs on the chip, so that the chip can start immediately a new acquisition while the previous image is processed. The electronic board consists of a FPGA (Field Programmable Gate Area) and fast memory (SRAM). A dedicated firmware configures the architecture of the electronic inside the FPGA to allow controlling and reading of all the pixels as well as multiplexing, summing and storing images in four different channels modulo 4 in synchronization with the gate signal (fig 3). This is the so-called IPI (Image Plus Image) mode. Hereafter, we consider a complete acquisition as a repetition of N pump-probe cycles. Four frames are collected during each cycle, separately summed (in the FPGA) with the frames measured during the previous cycles and stored in the SRAM, this is called stacking. The output of the measurement is therefore simply four different summed images. This stacking processing in the FPGA is performed in t S = 3.7 ms. This process is illustrated in figure 4. The stacking is independent of the photon counting process in the chip, so that the stacking stage can be initiated while the next image is exposed to X-rays. The blind time between two successive image measurements is the read time t R (1.7 ms). The reading-stacking process is triggered by the end of the gate and before reading a new image the FPGA must have finish the stacking of the previous one so that the minimum delay between the end of two successive images (minimum sampling period) is the read time t R plus the stacking time t S 1.7+3.7 = 5.4 ms. For the timeresolved X-ray diffraction experiment, the XPAD computer is in slave mode and is driven by a master computer that also controls the goniometer and a specific electronic to generate the gate signals (fig 3). The pump signal is monitored with a Si-Pin diode located in the OPO system. For each laser pump pulse the diode generates an output voltage which triggers the electronic to generate the four gate signals with adjustable time and delay. The investigation of light-induced structural dynamics requires a precise measurement of the Bragg intensities I(hkl) as a function of time. As explained above, the XPAD detector allows collecting four different frames sampled between one pump-probe cycle. One frame (F#4 in figure 4) is systematically adjusted exactly at the end of the cycle, just before the next laser pulse. This frame is used as a reference for the ground state, for instance to compute I#1(hkl)/I#4(hkl) intensity ratios, where I#4(hkl) (resp.

I#1(hkl)) Bragg intensities are obtained from integration of the Bragg peaks in frame F#4 (resp. F#1).

Two scanning modes are implemented, corresponding to two different types of measurement as illustrated in figure 5.

In the first type of measurement, the goniometer holding the single crystal sample is continuously rotated while the pump-probe cycles are collected (continuous rotation scan mode). This is similar to the crystal rotation method in conventional single crystal X-ray crystallography. The maximum rotation speed of our MACH3 goniometer is nearly 2deg/min, so that even a very narrow Bragg peak with a mosaïcity of 0.1deg will be accurately sampled at 10 Hz : the complete peak profile will span at minimum 30 pump-probe cycles, and therefore 30 times (F#1…F#4).

For the second type of measurement, the crystal is rotated step by step (M' different steps), and for each step, N' complete pump-probe cycles are recorded (the total number of cycles is therefore M'×N'). A very fine slicing of the Bragg peak profile may thus be achieved. 

Intensity statistics of time-resolved photocrystallography with the XPAD detector

The XPAD detector is a photon counting hybrid pixel detector. Using diffraction measurement tests, we have verified that the intensity statistics of the XPAD detector obeys the main characteristic of Poissonian statistics, in particular the intensity variance is equal to the mean intensity (Wenger, 2015).

As a matter of fact, the measured intensity on a given pixel 𝐼 𝑖 corresponds to the number 𝑁 𝑖 of absorbed photons (37% efficiency for 300 µm thick silicon sensor at Mo Kα radiation) above the discrimination threshold collected during the X-ray exposure time X(t), and the signal variance is 𝜎 2 (𝐼 𝑖 ) = 𝑁 𝑖 (Alle et al., 2016). The total intensity of a Bragg reflection is in a first approximation a direct summation of the intensity of all the pixels under the peak

I 𝑝𝑒𝑎𝑘 = ∑ 𝐼 𝑖 𝑝𝑖𝑥𝑒𝑙𝑠 = ∑ 𝑁 𝑖 𝑝𝑖𝑥𝑒𝑙𝑠
, and the corresponding variance is 𝜎 2 (𝐼 𝑝𝑒𝑎𝑘 ) = ∑ 𝑁 𝑖 𝑝𝑖𝑥𝑒𝑙𝑠 = 𝐼 𝑝𝑒𝑎𝑘 if one assumes no pixel to pixel correlations. This is true if one works directly on the raw frames without applying any distortion or flat field calibrations.

In the context of time-resolved photocrystallography using a photon counting hybrid pixel detector, the important issue is the detection of a significant scattered (relative) intensity difference. The total intensity of a Bragg peak is directly proportional to the exposure time and angular rotation speed of the crystal, which are tuneable parameters of the experience. It is also common to repeat the pumpprobe cycles until a satisfactory statistics is achieved. In our experience, we want to detect an intensity difference between frame F#1, F#2, F#3 with respect to frame F#4. For a given Bragg peak, if one wants to detect a 1% intensity difference with a 3σ confidence level, the minimum intensity of the ground state (F#4) peak is nearly 180000 counts.

𝐼 #1 -𝐼 #4 = 0.01 × 𝐼 #4 𝜎 2 (𝐼 #1 -𝐼 #4 ) = 𝐼 #1 + 𝐼 #4 if one assumes no correlation between I #1 and I #4 .

𝐼 #1 -𝐼 #4 > 3 × 𝜎(𝐼 #1 -𝐼 #4 ) 𝐼 #4 > 180900
This value is quite general, and may be used systematically as an indicator for the preparation of a real experiment with our system.

Experimental validation : time resolved crystallography of photo-induced linkage isomerism in sodium nitroprusside Na2[Fe(CN)5(NO)].2H2O

To assess the possibilities and limitations of such pump-probe X-ray diffraction experiments based on a laboratory setup, we have designed a validation experiment using a prototype molecular photoswitchable material, namely sodium nitroprusside Na 2 [Fe(CN) 5 (NO)].2H 2 O (SNP). SNP exhibits light-induced linkage isomerism, a photochemical effect, which results in the rotation of the nitrosyl ligand NO upon visible photon absorption, and formation of two long-lived metastable states. MS2 is formed by a rotation of the nitrosyl by nearly 90 degrees, leading to a side-bonded coordination mode, while MS1 results from a nearly 180 degrees rotation to an isonitrosyl Fe-ON coordination mode as revealed by photocrystallographic techniques (Carducci et al., 1997;Fomitchev & Coppens, 1996;Schaniel et al., 2005a;Schaniel et al., 2006). The complete photophysics of SNP is well understood from time-resolved UV-visible absorption spectroscopy and time-resolved infrared spectroscopy (Schaniel & Woike, 2009;Schaniel et al., 2010). The mechanism involves a direct Fe(3d) to π*(NO) metal-to-ligand charge transfer transition (MLCT) or indirect transition as a relaxation from excited higher lying d-states into the π*(NO). After such an electronic excitation, the NO ligand undergoes a rotation by about 90° within 300 fs (Schaniel et al., 2010). This fast internal conversion from the excited GS potential into the MS2 potential is followed by a vibrational relaxation to the MS2 minimum, which occurs within about 10 ps (Gallé et al., 2012). MS1 and MS2 are local minima on the potential energy surface of the ground electronic state, they lay about 1.05 eV (MS1) and 0.95 eV (MS2) above the GS minimum, and they are separated by an energy barrier of 0.69 eV (MS1) and 0.43 eV (MS2) from the GS (Woike et al., 1993).

The validation measurement has been conducted as follows. In the first step, X-ray diffraction measurements have been performed at T=100 K in the ground state and long lived metastable state MS2 in order to get complete X-ray diffraction data sets which could be used to simulate the timeresolved photocrystallographic experiment, and select the Bragg intensities which exhibit the highest GS to MS2 intensity contrast. In the second step, a complete stroboscopic time-resolved measurement was conducted to derive the optical response (transient absorption spectroscopy measurement) and structural response of the sample.

X-ray diffraction of the GS and MS2 states in photostationnary conditions

In a first step, a conventional measurement in the ground state (GS) has been performed at T=100 K.

The diffraction frames have been indexed and integrated using the Crysalis software (Agilent, 2014) yielding 12675 (2658 unique) measured reflections up to a maximum resolution of sin(θ)/λ = 0.82 Å -1 (R int = 0.013). The corresponding crystal structure has been refined using the Shelxl software (Sheldrick, 2008). In a second step, the crystal was irradiated with a photodiode at 445 nm during 4 hours, populating MS1 and MS2 states at the same time. The crystal was subsequently irradiated at 1064 nm during 10 minutes to transfer MS1 molecular states to MS2 and to the ground state. The final single crystal contains therefore only molecules in the ground state and molecules in the metastable state MS2 [START_REF] Schaniel | [END_REF]. Diffraction data have been collected in this state up to a maximum resolution of sin(θ)/λ = 0.82 Å -1 (9586 measured reflections, 2630 unique reflections, R int = 0.016). A 

Simulation of structural changes and diffracted intensity contrast factors

In order to assess the contrast in Bragg peak intensity difference we might expect from the timeresolved X-ray diffraction experiment, we have performed the following analysis. Starting from the measured Bragg intensities in the ground state and in the metastable state MS2 in the photostationnary state presented in the previous section, we have calculated the corresponding normalized intensity difference:

∆𝐼 𝜎(∆𝐼) = 𝐼 𝑀𝑆2 (ℎ𝑘𝑙) -𝐼 𝐺𝑆 (ℎ𝑘𝑙)
𝜎(𝐼 𝑀𝑆2 (ℎ𝑘𝑙)) + 𝜎(𝐼 𝐺𝑆 (ℎ𝑘𝑙))

As discussed above, the intensity statistics on the hybrid pixel detector XPAD follows counting statistics, so that the previous equation is simply:

∆𝐼 𝜎(∆𝐼) = 𝐼 𝑀𝑆2 (ℎ𝑘𝑙) -𝐼 𝐺𝑆 (ℎ𝑘𝑙) √(𝐼 𝑀𝑆2 (ℎ𝑘𝑙)) + √(𝐼 𝐺𝑆 (ℎ𝑘𝑙))
This experimental intensity contrast is shown in figure 7. A similar analysis was performed for the simulated intensity contrast, calculated from the ground state and MS2 state refined structural models for hypothetical 1%, 5% and 10% populations of the metastable state MS2. As can be seen in figure 7 (right), at P MS =10% MS2, the intensity contrast is significant for sodium nitroprusside between the ground state and metastable state MS2. 104 reflections over 2616 analysed reflections have intensity variation greater than the estimated standard deviation. This becomes much more challenging at P MS =1%, at which a very high accuracy is required to detect the structural reorganisation characterizing MS2. No reflections exhibit signal to noise ratio better than 0.2. This simulation shows that an extremely high accuracy will be required in the time-resolved measurement.

According to this simulation, we identified the (240) reflection (see figure 7 left), which is one of the strongest Bragg reflection, at low angle, and with a high intensity difference between the ground state and the metastable MS2 state. This reflection will be monitored precisely in the time-resolved photocrystallographic experiment.

Results from transient absorption spectroscopy

The optical absorption spectra of the three states of SNP (GS, MS1, and MS2) are given in figure 8. The absorption spectrum of the ground state is dominated by two bands located at 388 nm and 495 nm, corresponding to Fe(3d) to π*(NO) metal to ligand charge transfer [START_REF] Schaniel | [END_REF]. In the MS1 and MS2 states, new bands appear at 755 nm and 560 nm respectively owing to the shift in energy of the molecular orbitals [START_REF] Schaniel | [END_REF]. In view of these spectra, appropriate wavelength for the pump and optical probe lasers can be chosen. The OPO of the pump system has been tuned to 450 nm, while a probe laser at 633 nm was selected, at which MS2 state exhibits a high absorption and at the same time MS1 and GS exhibit a low absorption. 633 nm is therefore very sensitive to the population of MS2.

Figure 8 Optical absorption spectra of SNP in the different states. (adapted from [START_REF] Schaniel | [END_REF].

Transient optical measurements have been conducted as a function of temperature over the 150-250K temperature range with the pump laser polarization direction oriented along the crystalline c axis in order to enhance the optical response (Schaniel et al., 2005b); the corresponding trace at 150K is shown in figure 9. As can be seen, a rapid decrease of transmitted intensity occurs, which recovers in a second step. The decrease can not be resolved with the resolution of our setup; it has been shown by Schaniel et al. (2010) that the population of MS2 state occurs on the femtosecond time scale. The intensity decrease at 633 nm corresponds to an increase of absorption, consistent with a population of MS2 state (see figure 8). The subsequent intensity increase corresponds to the thermally activated relaxation of MS2 to the ground state. For each temperature, the intensity as a function of time was adequately fitted to an exponential dependence I(t) = I 0 + ∆I max e -t τ with τ the time constant corresponding to a temperature dependent relaxation rate k MS2→GS (T)=1/; at T=150K, the fitted time constant is τ = 14 ms. The rate constants are plotted in figure 9 in the form of an Arrhenius plot

ln ( 1 τ ) = ln(𝑍) - 𝐸𝑎 𝑘 𝑏 𝑇
with Ea the activation energy of the relaxation process, and Z the frequency factor. As seen in figure 9, the relaxation process follows a thermally activated process (linear trend), with refined parameters Ea=0.42(2) eV, and Z = 15.10 13 s -1 . These values are in perfect agreement with values reported in the litterature (Schaniel et al., 2005b). The transient optical absorption setup is therefore validated. ). The red line is a linear fit with refined parameters Ea=0.42(2) eV, and Z = 15.10 13 s -1 .

Time-resolved x-ray diffraction experiments

The results of the transient absorption spectroscopy measurements shows that the dynamics of SNP at T = 150 K is appropriate for a time resolved photocrystallographic investigation permitted by our instrument. The relaxation is complete within 100 ms at this temperature, and the most important evolution occurs within the first 50 ms. Accordingly, the molecules pumped to the MS2 state by the laser pulses relax to the ground state before the next laser pulse 100 ms later at 10 Hz frequency, the recovery condition is fulfilled. Using the goniometer of the diffractometer, we have oriented the crystal so that the reflection (240) is in diffraction condition. This reflection has been selected as one of the most intense reflection with a high intensity difference between the ground state and MS2 state, according to our simulation described above. Time-resolved diffraction has been conducted using the continuous rotation scan mode, with acquisition windows of 6 ms whose centres are located at time delays ∆t=3, 13, 23, 93 ms, that is 3 windows sampling the beginning of the pump-probe cycle, and one window at the end of the cycle as a reference for the ground state. In other words, the diffracted X-ray signal is integrated over 6 ms for each acquisition window (each time delay). Omega scans of 5 degrees, with 118.4 seconds per degree (scan speed ratio 32 with the MACH3 goniometer software). The complete exposure time per scan is 592 seconds. At 10Hz, 1184 pump-probe cycles occur within one degree rotation, the sampling is therefore very good. This scan has been repeated 300 times to increase statistics, giving a total of nearly 1800000 pump-probe cycles, that is 7.2 million total images acquired (F#1…F#4). Owing to the stacking procedure, 300 times four summed diffraction frames result from the measurement. The total duration of the experiment is nearly 49 hours. photoswitching. This is a further indication that the light-induced intensity changes are not due to a gradual crystal deterioration; in that case, a systematic intensity decrease would have been obtained.

This result is very important, because using our experimental conditions and setup, an intensity change as low as 1% was accurately detected.

In our time resolved experiment, the metastable state population follows an exponential relaxation The influence of the total number of measured scans on the accuracy of the derived X-ray diffraction data is evidenced in figure 11 left. As we can see, the accuracy of one single scan (nearly 6000 pumpprobe cycles) is not satisfactory, the standard deviation is much too high to show a conclusive trend.

Averaging over 100 scans already presents the correct trend.

The limited Bragg intensity change measured in the time-resolved diffraction experiment results from a low photoconversion efficiency. As stated in reference (Schaniel et al., 2005b), where an intensity dependent study of the light-induced absorption was made, the saturation population at a pump wavelength of 532 nm is 0.8% (using 4ns long laser pulses). The ration of the absorption cross sections at 532 nm between MSII and GS was calculated to 1.25•10 -3 . As a consequence, MSII absorbs about 1000 times more than GS at this wavelength. At 450 nm this ratio is smaller, but still MSII has a higher absorption cross section than GS. Therefore, obtaining a slightly higher population at 450 nm than at 532 nm pulse wavelength is consistent. Furthermore, these results are in agreement with the populations determined for MSII from low-temperature measurements using differential calorimetry (Woike et al., 1993), where for MSII saturation populations of 3% for a pump wavelength of 457.9 nm and about 0.5% for the pump wavelength of 532nm were obtained. This implies also that with the pump fluence available in our experiment we are close to saturation of the MSII population, i.e. there is an equilibrium between GS→MSII and MSII→GS processes. This again, is compatible with the fact that the population of MSII occurs on a 300 fs time-scale (Schaniel et al., 2010), so within the pulse duration of 2-4 ns there is plenty of time to establish a "photostationnary" state.

Conclusions and perspectives

We have presented a new experimental setup based on a laboratory diffractometer, dedicated to time-resolved X-ray diffraction measurements for investigating light induced structural changes in single crystals. For that purpose, we have implemented a laser pump/X-ray probe scheme using a fast gated hybrid pixel area XPAD detector, which is triggered by the pump laser pulses, and accurately synchronized with tuneable time delays ∆t between pump and probe.

First experiments on the photoswitching dynamics of sodium nitroprusside at T=150 K are very conclusive. 1% intensity changes have been detected with a 6 ms acquisition window. According to the characteristics of the XPAD detector, much shorter acquisition windows could be envisioned, at the expense of the limited X-ray flux, and therefore estimated scattered signal, but the sampling time cannot be shorter than 5.4 ms. The present experiment overall duration was nearly 49 hours for only 5 degrees of reciprocal space covered, and showed an adequate long-term stability for 1% intensity change detection. For our prototype experiment on sodium nitroprusside, we have focussed on the reflection (240) selected according to its high intensity, and high intensity change upon GS→MS2 photoswitching. A complete time-resolved measurement covering a complete sphere of reciprocal space seems out of reach with the present setup. An appropriate selection of relevant reflections, which are very sensitive to the structural changes would be necessary, possibly using a leverage analysis in case of a least-squares structural refinement of the light-induced model (Parson et al., 2012;[START_REF] Prince | Mathematical Techniques in Crystallography and Materials Science[END_REF]. Improvements to the setup are foreseen for the near future. A more powerful and stable pump laser system is currently being implemented in order to reach higher photoconversion per pulse, and therefore higher photoinduced Bragg intensity change. A new generation of XPAD with a 10 measurement windows firmware instead of only 4 is commissioned, with a faster electronic allowing sampling period of 4 ms as well as a 1 mm thick silicon sensor in order to improve the X-ray photon absorption efficiency. With these progresses, we anticipate a shortening of the measurement time per frame for appropriate statistics, so that a complete data collection of a photo-induced state for structural analysis would be possible.

Although many current time-resolved structural studies focus on ultrafast phenomena, there are plenty of much slower solid state processes developing in the microsecond to second time scale. The investigation of the structural response of crystals to external perturbation (electric field, or pulsed laser) in this time range is fundamental for understanding many physical properties of current interest, such as the switching dynamics of domain patterns in ferroelectric or ferroelastic materials, the nucleation and growth processes at phase transitions, the development of long range modulated structures, the propagation of lattice distortion and strain just to name a few. Our instrument is appropriate for such time-resolved structural studies, and may be used for a wide range of scientific applications.

Table 1 Selected characteristics of the time-resolved X-ray diffraction experiment, and hybrid pixel The structural difference between GS and MSII is limited so that the difference between 𝐹 𝑀𝑆𝐼𝐼 (𝐻 ⃗ ⃗ ) and 𝐹 𝐺𝑆 (𝐻 ⃗ ⃗ ) is also quite small. In the previous equation the second term on the right hand side is dominant with respect to the last term for small initial population 𝑝 0 , so that in a first approximation, the time resolved Bragg intensity follows a single exponential dependence with time constant 𝜏.

The 

Figure 2

 2 Figure 2 Schematic of the combined time-resolved X-ray diffraction and transient absorption spectroscopy experiments.

Figure 3

 3 Figure 3 Instrumental setup. A master computer drives the goniometer, the XPAD computer and a synchronization electronic. The pump laser works at 10 Hz, the master computer positions the XPAD detector in stacking mode (waiting for acquisition) and then sends the start scan to the goniometer and the start acquisition to the electronic. The electronic triggered by the diode pulse generates the gate signal to open and close the electronic shutter, and to synchronize the stacking processing. At the end of the scan the XPAD computer reads out the four images resulting from the internal stacking.

Figure 4

 4 Figure 4 Schematic time structure of the laser pump-X-ray probe measurement strategy. The laser frequency is 10Hz, corresponding to 100 ms between two laser pulses. The laser pulse duration is 4 ns.The Image Plus Image (IPI) mode of the XPAD offers at present the acquisition and internal stacking of 4 frames (noted F#1…F#4 and colour coded red, green, blue and pink in the figure). F#4 is taken as the reference frame just before the laser pulse. "R" is the read time of each frame (t R = 1.7 ms). "S" is the internal stacking of each frame (t S = 3.7 ms). t f is the exposure time, which could be as short as 150 ns, the time resolution of the internal electronics of the detector. The minimum sampling period is 5.4 ms.

Figure 5

 5 Figure 5 Chronogram of the measurement sequence in the (left) continuous rotation scan (CRS) mode, and (right) step scan (SS) mode. In the CRS mode, the images are measured "on the fly" during the rotation of the crystal, therefore corresponding to N pump-probe cycles. In the step scan mode, an acquisition consisting of N' pump-probe cycles is measured for each of the M' goniometer rotation positions.

  figure 6.

Figure 6

 6 Figure 6 Refined structural models of the ground state (GS, left) and metastable state (MS2, right) of SNP.

Figure

  Figure 7 (left) Experimental contrast ∆𝐼 𝜎(∆𝐼) as a function of sin (𝜃) 𝜆 for SNP calculated from the measured ground state and metastable state MS2 in the photostationnary state. The arrow points to the (240) reflection whose intensity is monitored in the time-resolved photocrystallographic experiment. (right) simulated contrast calculated from the ground state and MS2 state refined structural models for hypothetical 1%, 5% and 10% populations of the metastable state MS2.

Figure 9

 9 Figure 9 left : transient intensity on the detection Si-pin photodiode as a function of time at T=150K. Th red line is an exponential fit I(t) = I 0 + ∆I max e -t τ . right : Arrhenius plot ln ( 1 τ ) as a function of

Figure 10 (

 10 Figure 10 (left) Experimental time resolved diffraction image (image #1 and #4 of scan 43 among 300 scans). (right) zoom on the selected reflection (240), and pixel to pixel colour coded difference intensity.

  with initial population 𝑝 0 and lifetime 𝜏 of the metastable state, so that the corresponding Bragg intensity is given by:𝐼(𝐻 ⃗ ⃗ , 𝑡) = (𝑝(𝑡) * 𝐹 𝑀𝑆𝐼𝐼 (𝐻 ⃗ ⃗ ) + (1 -𝑝(𝑡))𝐹 𝐺𝑆 (𝐻 ⃗ ⃗ )) × (𝑝(𝑡) * 𝐹 𝑀𝑆𝐼𝐼 * (𝐻 ⃗ ⃗ ) + (1 -𝑝(𝑡))𝐹 𝐺𝑆 * (𝐻 ⃗ ⃗ ))For a centrosymmetric crystal like SNP, 𝐹 𝑀𝑆𝐼𝐼 (𝐻 ⃗ ⃗ ) and 𝐹 𝐺𝑆 (𝐻 ⃗ ⃗ ) are real quantities and𝐼(𝐻 ⃗ ⃗ , 𝑡) = 𝐹 2 𝑀𝑆𝐼𝐼 𝐹 𝐺𝑆 )We have simulated this equation for the (240) reflection, the results are given in the supplementary material. It shows that the first and second terms of this equation are in all cases dominant with respect to the last term, so that the intensity evolution of a Bragg reflection should follow in a good approximation a single exponential dependence.The intensity ratio I(240)#1/I(hkl)#4 as a function of time has therefore been quantitatively fitted with an exponential decay 𝑦(𝑡) = 1 + 𝐴𝑒 -𝑡 𝑡1 giving a time constant of t1 = 10(1) ms, in perfect agreement with the time constant derived from the optical absorption at T = 150 K : τ = 14 ms.

Figure 11 (

 11 Figure 11 (left) Normalized intensity of the (240) reflection averaged over one single scan, and averaged over 100 and 300 repeated scans. (right) Normalized intensity of the (240) reflection as a function of time averaged over 300 repeated scans. The insert shows the histogram of the normalized intensity distribution over the 300 scans. The continuous line is a Gaussian fit to the distribution with average position 1.0097(4). The dashed line indicate the I1/I4=1.0 position.
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  following figure illustrates the simulated normalized intensity of the (240) reflection as a function of time with different values of the initial population 𝑝 0 . As can be seen, all the curves follow in a first approximation a single exponential decay with time constant𝜏 very close to 14 ms.

Figure S2 .

 S2 Figure S2. Simulated normalized intensity of the (240) reflection as a function of time with different values of the initial population 𝑝 0 . All the curves have been adequately fitted to a single exponential decay.
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Dependence of the diffracted intensity as a function of time delay

The scattering factor for a crystal containing a fraction 𝑝 of molecules in the metastable state, and 1 -𝑝 molecules in the ground state with a random spatial distribution can be written :

So that the scattered intensity is simply:

In a time resolved experiment, the metastable state population is time dependent so that the intensity becomes:

For an exponential relaxation with lifetime 𝜏 of the metastable state and initial population 𝑝 0 :

For a centrosymmetric crystal like SNP, 𝐹 𝑀𝑆𝐼𝐼 (𝐻 ⃗ ⃗ ) and 𝐹 𝐺𝑆 (𝐻 ⃗ ⃗ ) are real quantities.