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JITTER OF PUMP-PROBE TIME DELAYS IN XFEL EXPERIMENTS: HOW TO ELIMINATE IT?

Jitter of XFEL signals due to the disorder of pump-probe time delay is explored theoretically. Two basically different methods are applied: statistical mechanics and dimensional analysis. Although completely different, these two approaches suggest the same method to suppress jitter generated perturbations. The method which is proposed here is easily applicable and requires no computational effort.

(1) INTRODUCTION. Jitter of pump-probe time delays is one of the most severe limitations of the XFEL technology. A considerable experimental effort has thus been accepted to overcome this difficulty [START_REF] Meyer | Twocolor photoionization in xuv freeelectron andvisible laser fields[END_REF][START_REF] Fritz | Ultrafast Bond Softening in Bismuth: Mapping a Solid's Interatomic Potential with X-rays[END_REF][START_REF] Maltezopoulos | Single-shot timing measurement of extreme-ultraviolet freeelectron laser pulses[END_REF][START_REF] Azima | Time-resolved pump-probe experiments beyond the jitter limitations at FLASH[END_REF][START_REF] Glownia | Time-resolved pump-probe experiments at the LCLS[END_REF][START_REF] Löhl | Electron Bunch Timing with Femtosecond Precision in a Superconducting Free-Electron Laser[END_REF][START_REF] Bionta | Spectral encoding of x-ray/optical relative delay[END_REF][START_REF] Tavella | Few-femtosecond timing at fourthgeneration X-ray light sources[END_REF]. It culminated in the recently proposed "measure and sort" method [START_REF] Harmand | Achieving few-femtosecond timesorting at hard X-ray free-electron lasers[END_REF]. Theoretical literature on this problem is of a very recent date [START_REF] Bratos | XFEL experiments: jitter of pump-probe time delays and pulse intensities[END_REF]. To a general surprise, the theory proved to be much easier than the experiment: it was shown that the jitter can be eliminated employing standard mean square optimization techniques. However, this is not yet the end of surprises, further simplifications were in fact found possible. It will be shown below that the jitter correction is expressible in terms of a simple formula depending on two parameters: duration of the incident XFEL pulses and duration of the jitter. This problem can be solved without any computer.

Basically, the jitter problem of XFEL is closely related to those concerning motional narrowing processes of spectroscopy.

In a time-resolved X-ray experiment, the sample is pumped by an optical pulse and probed by an ultra-fast X-ray pulse (Fig. 1). The pump-probe time delay must be determined with great accuracy.

At the present time, while XFEL sources generate pulses down to 100 fs, there is a jitter on the pump-probe time delays of the same order. The experiment must thus be repeated a large number of times to make the results usable. Working methods have been proposed to accomplish this task and a specific terminology entered into use. Unfortunately, this averaging does not suffice to eliminate the jitter. An additional step is required to reach this goal. It is described in what follows.

(2) STATISTICAL MECHANICS. The starting point of the present statistical theory is the well known expression for the intensity, , , of diffracted X rays at time , the nominal pump-probe time delay, under the incident X ray intensity, IX :

, = < -> , (1) 
averaged over a time bin. For detailed discussion of this approach, see Ref [START_REF] Bratos | XFEL experiments: jitter of pump-probe time delays and pulse intensities[END_REF], where this expression is deduced from rigorous statistical mechanics of non-equilibrium disordered systems. In what follows, the incident X ray intensity, IX is supposed to be Gaussian:
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Here is the nominal pump-probe time delay, its ill controlled time increment and #1 ⁄ is the temporal width of the incident incident x-ray pulses. The distribution of pump-probe time delay increments was studied with great care by a number of excellent scientists [START_REF] Cavalieri | Clocking Femtosecond X Rays[END_REF], and was found to be Gaussian:
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where ' ) ⁄ defines the temporal extension of the jitter. Then, inserting (2) into (1) and integrating over results in
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This equation plays an important role in the present study. To proceed further, a complementary information is required. Let the laser excitation promote the molecule from the ground state 0, where the length of given bond is2 3 , to an electronic state 1 where it is2 ) . According to the Franck-Condon principle,2 ) 0 = 2 3 . The simplest assumption to describe the bond length variation at latter

times consists in writing 2 ) = 2 ) -2 ) -2 3 -5
⁄ , where τr is the molecular reaction time.

The corresponding signal , , the non perturbed by the pump-probe time delay dispersion, can then be written: 

Then, inserting Eq(4) into Eq(3) and integrating over t provides , . The integration can be performed exactly if2 ) -2 3 ≪ 2 3 . Note that this condition is not very restrictive. For example, when passing from a single C-C bond to a triple C-C bond, 2 3 = 1.5C and 2 ) -2 3 = 0.3C. One then finds:
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This is the jitter perturbed signal predicted by the present statistical theory. Note that j1 is the Bessel function of the order 1. The normalized signal The jitter problem will now be reexamined using the new information provided by Eq [START_REF] Glownia | Time-resolved pump-probe experiments at the LCLS[END_REF] and Fig [START_REF] Meyer | Twocolor photoionization in xuv freeelectron andvisible laser fields[END_REF] for the non-normalized ad normalized signals, respectively. The following points merit attention. 
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where τjitter is the temporal width of the jitter, and τXFEL the temporal width of the incident XFEL pulses. Note that this correction depends exclusively on parameters ', characteristic of a given XFEL site. The jitter correction factor remains the same on a given machine, whatever the experiment.

These results are now briefly illustrated. Fig. 2 shows how the jitter manifests itself in fast and slow processes, respectively. If the jitter evolves on time scales comparable to those of the process under study, its effect may be large and can generally not be neglected. If these times are well separated, the jitter can be completely forgotten.

Fig. 3 illustrates XFEL signals in presence of very fast jitter. They provide information about processes generating the jitter, but no information about physics of the system under study. This being said, another central question arises: how large time corrections are? A look on Table 1 shows that they may be surprisingly large. In this Table, the temporal width of incident XFEL pulses is assumed to be 100 fs, the characteristic time of the jitter varying in wide limits between 300 fs and 10 fs. The system under consideration is supposed to evolve on the 300 fs time scale. What to say about the effect of shot-to-shot pulse intensity variations? They are essential if the absolute intensity of the diffracted XFEL signals are examined. On the contrary, they are not believed to intervene very much in pulse-probe experiments. Detailed experimental studies of shotto-shot intensity variations are needed to progress. For more details , see Ref. [START_REF] Bratos | XFEL experiments: jitter of pump-probe time delays and pulse intensities[END_REF].

(3). DIMENSIONAL ANALYSIS. Surprisingly enough, the above result may be reproduced quite simply applying methods of dimensional analysis. The latter are based on the postulate that all equations having a physical significance must be dimension-ally homogeneous. This requirement suggests the use of dimensionless variables and parameters. Methods have been proposed to find them. Dimensionless quantities entering in the present problem, denoted by the subscript d, are obvious: the dimensionless signal intensity ΔSd(τ) is ΔS(q, τ)/ΔS(q, τ = ∞), the dimensionless wave vector qd is qr, and the dimensionless time τd is #' ' + ⁄ . Note that the theory generated signal of fig. 1 is already written in this form. Then, according to the dimensional analysis, the dimensionless signal ΔSd(q,τ) = f(qd,τd), or 

where f is an unknown function. This method does not permit to find it -laboratory channels are used to that purpose in practical engineering -but confirms that the jitter perturbed XFEL signal varies with #' ' + ⁄ rather than with √ . The very general dimensional theory thus predicts exactly the same time dependence of the XFEL signals as the detailed theoretical calculations.

(4) MOTIONAL NARROWING. The XFEL jitter problem is by no means a unique problem, having no analogue elsewhere in physics. In fact, it belongs to a large group of phenomena termed generally as "motional narrowing". Their common feature is that molecular motions appear slowed down, or even stopped completely, under insufficient instrumental resolution. Only the balancing of the signal intensities between those of the new and of the ancient molecule is seen in this case, but no signal shifts. This phenomenon was first studied by Anderson in his celebrated paper on collapsing multiplets in NMR [14]. Similar effects were observed with other spectroscopic techniques. The famous spectroscopic problem of finite slit width correction belongs to the same category of problems. This parenthood should be kept in mind when studying the jitter. 

  is particularly appropriate for the present study of jitter induced time perturbations. It is illustrated on Fig.(1).
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 1 (i)If jitter is present, a process evolving on time τ, appears at time ′ = ' the main effect of the jitter is to contract the time scale by this factor. All physicochemical processes are thus slowed down in presence of jitter; they may then easily escape observation. Neglecting the jitter correction may lead to entirely erroneous conclusions. (ii) XFEL data can be corrected by simply multiply the XFEL times τ' by the factor # ' + ' ⁄ , thus:
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 55 CONCLUSIONS. It results from the present study that pump-probe time delay jitter generates a contraction of characteristic times. This contraction is very important at shortest times attainable by the actual XFEL machines; neglecting it may render the interpretation of measured signals entirely erroneous. It is safely absent only at times longer than those characterizing the jitter. A simple method is proposed to eliminate it. It is sufficient to average the signals in each time bin and replace bin averaged times τ or τr by theory imposed times L71 + ] 95 ^_` Eliminating jitter induced perturbations is unexpectedly easy. The present theory is believed to be an exact theory, and the jitter problem an exactly soluble XFEL problem.
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 1 Figure 1: Schematic presentation of the experimental setting. Basic equation describing a jitter perturbed XFEL signal ΔS(10).
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 2 Figure 2: Dependence of the XFEL signal on the reaction rate τr. This effect is important for fast processes (red) and slow processes (blue). β is equal to τ 2 XFEL.

Figure 3 :

 3 Figure 3: Dependence of the XFEL signal on the jitter variable.

TABLE 1

 1 The process under study evolves on a 300 fs time scale and the duration of the incident XFEL pulses, τXFEL, is of 100 fs

	τjitter (in fs)	Reduced reaction time (in fs)
	300	95
	200	134
	100	212
	80	234
	60	257
	10	298