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Appendix
A1. SACLA timing control and slow drifts
In order to control the arrival time of the X-ray and optical pulses, two independent translation stages were used (Fig. 1). The time-tool translation stage was used to change the timing between the optical and the X-ray pulses at the time tool position. This stage was scanned to achieve temporal overlap at the time-tool, and to verify the time constant of 2.6 fs/pixel 14. The translation stage was fixed at the position that allowed the zero time delay to be exactly the center of the 2 ps time window. This allowed monitoring of the relative single shot jitter between the optical and X-ray pulses which was on the order of 270 fs root mean squared (RMS) (Fig. A1). A second experimental translation stage was used to control the relative arrival times of the X-ray and the optical pulses at the Ce:YAG screen. This delay stage was scanned in ~10 μm (66 fs) steps while monitoring the transmission of the optical laser through the Ce:YAG crystal. For each delay 15 time-tool images were taken and correlated to the optical transmission of the Ce:YAG. Following this coarse scan, the stage positions were fixed a delay near the center of the change of transmission of the Ce:YAG, and further 4000 time shots were recorded. The use of the time-tool images along with the corresponding photodiode optical transmission values allowed us to use the XFEL jitter to more finely map out the transition. This whole process was repeated 4 different times during a 21 hour period.

In order to compensate for long term drift of the relative timing between the optical pulses and the X-ray pulses, measured using the time tool (Supp. Fig. 1), it was occasionally necessary to adjust the experimental time delay to bring the mean delay at the interaction chamber in line with a desired value for the TR-SFX experiment. Eventually it was also necessary to adjust the timing tool delay together with the experimental time delay to move the temporal overlap back within the range of the timing tool.

The absolute time drift of SACLA measured over a 26 hour period is shown in Fig. A.1. In this case the information about the external timing and drift of the FEL with respect to the optical laser is calculated as:
	
	
	(A1)



where the timing of the experimental translation stage does not need to be included as it does not affect the global external timing.
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Supp. Fig A1. Absolute time drift of SACLA as measured by the time tool for an interval of 26 hours (a) and for a particular interval of 1 hour (b). The gaps in (a) correspond to intervals when the time-tool was not running. The standard deviation of the local drift for small slices in (b) corresponds to ~270 fs, however, oscillations in the mean of the drift with a period of approximately 10 minutes increase that number to ~290 fs when calculated across the full window in (b). It is believed that the short period oscillation originated from the timing system of optical laser, which was temporally unstable during the beamtime.



A2. Calculation of the transmission
Raw photodiode values included contributions from the room background, the x-ray fluorescence generated in the Ce:YAG crystal and the transmitted optical pulses. The average room background  was obtained by blocking both the x-ray beam, and the optical beam. The x-ray only reference  was obtained by blocking the optical beam only. Finally, the full transmission reference  was obtained by setting time delays longer than 1 ps, with the optical pulses arrive well in advance of the x-ray pulses.
In order to correct for fluctuations, normalized values of the optical pulse intensity  were obtained by dividing the single-shot intensity values by the average value. Similarly, normalized x-ray intensity values  were obtained by normalizing and averaging the values from the four photodiodes in the intensity diagnostic.
The single shot x-ray fluorescence contribution to the photodiode was calculated as:
	
	
	(A2.1)



where  indicates that the calculation is performed for each of the events. Using this, the x-ray dependent optical transmission through the Ce:YAG was calculated using the following expression:
	
	
	(A2.2)



where  is the calculated transmission and  is the signal measured by the experimental photodiode after the Ce:YAG for each of the events. By subtracting  from the signal, the optical contribution to the photodiode is isolated. By dividing by   the scale is normalized to have transmission equal to 1 for long delays. Finally, by dividing by , the effects of the optical fluctuations in the intensity around the mean value are removed. 
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A3. Frequency resolved optical gating
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(a)				(b)
Fig. A3.1: Beam schematic of (a) SHG-FROG and (b) X-FROG setups that were used during the characterization of the second harmonic (blue) and fundamental (red) optical pulses. In the SHG-FROG setup a beam splitter (BS) was used to split the 800 nm pulse into two replicas which were sent down two independent arms of an interferometer (one arm shown in pink for clarity). The two arms were focused into 50 μm BBO crystal cut for SHG @ 800 nm using spherical mirror (SM). The second harmonic probe was generated from the fundamental using another 100 μm SHG-BBO crystal and separated from the remaining fundamental using a dichroic mirror (DM).  In order to recover an equivalent 400 nm pulse length at the interaction region a BK7 glass plate stretching optic (SO) with the same total thickness as the dispersive optical elements (windows, lenses, etc.) in the experimental chamber. In the X-FROG the 400 nm and remaining 800 nm fundamental were overlapped in space and time in a BBO crystal cut for SFG and the resulting 266 nm beam

Fundamental 800 nm pulses were characterized using a standard Second Harmonic Generation Frequency Resolved Optical Gating (SHG-FROG) setup (Fig. A3.1a). In the SHG-FROG a pellicle beam splitter (Thorlabs BP245B2) was used to split the 800 nm optical pulse into two replicas pulses that are sent along two independent arms of an interferometer. The pulses were then focused non-collinearly into a 50 μm substrate mounted BBO crystal cut for second harmonic generation. If overlapped in space and time it is possible to generate a second harmonic signal that results from a photon from each replica. Due to momenta cancellation and the non-collinear arrangement this ‘third’ beam is emitted on axis, isolated from the fundamentals with an iris and measured on a spectrometer. This signal can be written as:
	
	
	(A3)


Where  is the temporal delay between the two replicas controlled by a delay stage in one arm. Plotting the wavelength against  creates a so called FROG trace (Fig. A3.2a) which was analyzed using a FROG software package (J. Wong et al. http://frog.gatech.edu). The code creates reconstruction FROG trace (Fig. A3.2b) from theoretical pulses, this trace is then compared to the experimental one and the program then iterates over the pulse parameters attempting to reduce the error between the theoretical trace and the experimental. Once the error between the experimental trace and reconstruction is achieved the spectral and temporal, intensity and phase of the reconstructed pulse is returned.
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         (a)						(b)
Fig. A3.2: (a) Experimental and (b) Reconstruction SHG-FROG traces used to characterize the 800 nm fundamental that was used to generate the 400 nm pump pulses.

The recovered temporal and spectral profiles of the 800 nm pulse is shown in Fig. A3.3. It can be seen that the pulse is mostly Gaussian with FWHM of ~150 fs. The spectral phase indicated that there is a fair amount of 2nd and 3rd order phase which are responsible for this stretched pulse length from the 40 fs of the source.
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        	(a)						     (b)
Fig. A3.3: The temporal (a) and spectral (b) reconstructed intensity (blue) and phase (red) profiles of the 800 nm pulse using the FROG algorithm.

There currently does not exist a readily available non-linear crystal that can phase-match SHG @ 400 nm. Therefore in order to characterize the 400 nm probe pulse it was not possible to use SHG-FROG. Instead a cross-correlation FROG variant (known as X-FROG) was used (Fig. A3.1b). In this arrangement the pulse of interest (400 nm) is combined with known reference pulse (800 nm) in a non-linear crystal cut for Sum Frequency Generation (SFG). When overlapped in space and time they produce a third beam as in the case of SHG-FROG. This signal can be written as:
	
	
	(S3)


Where  is the fundamental and  the second harmonic and as before  is the temporal delay between the two pulses. X-FROG variant of the FROG algorithm then only required the parameters of the reference pulse to be entered and the fitting works as before. The results of this can be seen in Fig. A3.4. 
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            (a)						 (b)
Fig. A3.4: (a) experimental and (b) reconstructed X-FROG trace. 

While the theoretical X-FROG reconstruction (Fig. A3.4b) does qualitatively resemble the experimental trace (Fig. A3.4a), however the algorithm failed to convergence to the point where the fitting errors were small enough to inspire confidence in any pulse parameters returned. It was determined that the cross correlation of the X-FROG trace would provide a more accurate estimation of the 400 nm pulse length.
     [image: H:\work\My Papers\2017\02 SACLA timing paper\Figures\XFROGCross_1.png].
Fig. A3.4: Cross correlation of XFROG trace (center) as well as the normalized one-dimensional integrations showing the spectral (left) and temporal (bottom) profiles of the trace. A Gaussian fit was applied to the temporal profile (red) to determine the FWHM width. 

Assuming pulses are Gaussian in form the FWHM durations of the cross-correlation () and source pulses ( and ) are related by:

Given the value of  recovered from the SHG-FROG gives 100  10 fs.


A4. Error determination for reflectivity transition data
The determination of the transmission error ( for the temporally sorted transition data using the modified model with the Gaussian convolution shown in Figure 4a was treated using three different error determination methods. Firstly a standard approach of   , where  is the Root Mean Square of the transmission data points in particular time bin and  is the number of data points that bin contains. Secondly a bootstrapping method was applied to determine the standard error and confidence intervals. Finally a custom method was employed, which consisted of combining all data with time delays >900 fs, determining the standard deviation of this combined set and applying this constant value to determine a standard error   of the individual bins. The justification for the custom method was that only data past 900 fs delay (within our timing window) will contain instabilities due to optical and X-ray fluctuations (photon energy, pulse energy, etc.) and shot noise while being mostly separate from the ultrafast transition. We note that this will produce an inflated error for the early data points before the transition, where the magnitude of the signal is smaller, however these data points have less influence on the fitting of the transition. The fitting plots associated with each error method can be seen in Figure A4.1 and the affect these have on the fitting parameters in table A4.1.
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(a) 						   (b)
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(c)
Figure A4.1 The model fits of time dependent transmission for error determination using (a)  , (b) Bootstrapping and (c)   for the error bars. In each case the base model was convolved with a Gaussian (green) to fit to the experimental data (blue) using the width of the FWHM of the Gaussian  and a time offset  as free parameters. 

	Method
	 (fs)
	Error (fs)
	 offset (fs)
	Error (fs)

	
	236.89
	±0.53
	-4.02
	±0.07

	Bootstrap
	238.95
	±9.12
	-3.52
	±1.40

	
	225.58
	±12.41
	-4.03
	±1.63



Table A4.1 Values of the model fitting parameters, convolving Gaussian FWHM (and time offset , and their associated errors for the different methods of determining the experimental error. The time offset is expressed with respect to the offset obtained for the base model without the convolution.
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