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Abstract

:

Biological samples are highly radiation sensitive. The rapid progress of their radiation damage prevents accurate structure determination of single macromolecular assemblies in standard diffraction experiments. However, computer simulations of the damage formation have shown that the radiation tolerance might be extended at very high intensities with ultrafast imaging such as is possible with the presently developed and operating x-ray free-electron lasers. Recent experiments with free-electron lasers on nanocrystals have demonstrated proof of the imaging principle at resolutions down to   1 . 6   Angstroms. However, there are still many physical and technical problems to be clarified on the way to imaging of single biomolecules at atomic resolution. In particular, theoretical simulations try to address an important question: How does the radiation damage progressing within an imaged single object limit the structural information about this object recorded in its diffraction image during a 3D imaging experiment? This information is crucial for adjusting pulse parameters during imaging so that high-resolution diffraction patterns can be obtained. Further, dynamics simulations should be used to verify the accuracy of the structure reconstruction performed from the experimental data. This is an important issue as the experimentally recorded diffraction signal is recorded from radiation-damaged samples. It also contains various kinds of background. In contrast, the currently used reconstruction algorithms assume perfectly coherent scattering patterns with shot noise only. In this review paper, we discuss the most important processes and effects relevant for imaging-related simulations that are not yet fully understood, or omitted in the irradiation description. We give estimates for their contribution to the overall radiation damage. In this way we can identify unsolved issues and challenges for simulations of x-ray irradiated single molecules relevant for imaging studies. They should be addressed during further development of these simulation tools.
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1. Introduction


X-ray free-electron lasers (XFELs) are expected to open up new opportunities for structural studies of biological systems. Due to the low radiation tolerance of biological samples an accurate structure determination of single macromolecular assemblies is not possible with standard diffraction experiments. However, computer simulations of the damage formation have shown [1,2,3,4,5] that the radiation tolerance limit might be “extended” at very high dose intensities (  10 11  –  10 13   photons of 12 keV energy focused to 100 nm spot) with ultrafast imaging (pulse duration of 10 fs or shorter) such as is possible with the presently developed and operating XFELs (LCLS, SACLA, European XFEL) [6,7,8]. This new barrier of radiation tolerance indicates the possibility of recording images of single biological particles at high resolution without the need to amplify scattered radiation through Bragg reflections. This application of XFELs can have a tremendous impact on structural studies at both the molecular and cellular level with profound implications for biology and medicine. Recent experiments performed at FLASH [9,10] have demonstrated proof of the imaging principle, as well as the LCLS experiment with single mimivirus particle [11]. The LCLS measurements with nanocrystals [12,13,14,15,16] have demonstrated imaging at high resolution, down to 1.6 Ångstroms.



There are still many physical and technical problems that have to be clarified on the way to imaging of single biomolecules at atomic resolution [17,18]. During a single-shot experiment a deterioration of the sample is inevitable. Therefore one can collect enough information only by recording many 2D diffraction patterns measured with differently oriented, but otherwise identical replicas of the target. In what follows we restrict our considerations to such non-periodic reproducible objects which are the ultimate goal of the coherent diffraction imaging studies in structural biology. Theoretical simulations, e.g., [1,19,20], try to estimate how the radiation damage progressing within an imaged single object restricts the structural information about this object recorded in its diffraction image. Available simulation techniques and tools have been improved significantly since the very first simulation describing the evolution of irradiated lysozyme [1]. However, there are still unsolved or not fully understood issues in the description of irradiated samples such as: (i) contribution of inelastic scattering background to the total scattering signal; (ii) realistic particle size; (iii) effect of interparticle correlations; (iv) effect of pulse duration for pulses below 10 fs; (v) strongly non-equilibrium evolution of electron distribution during femtosecond pulse; and (vi) effect of chemical environment and plasma screening on ionization dynamics. Below we discuss their effect on the overall radiation damage, providing relevant estimates. Their omission or inaccurate treatment may lead to an incorrect estimation of the radiation damage, which, in turn, may hinder achieving the optimal pulse parameters for the imaging. Further, dynamics simulations should be used to verify the accuracy of the structure reconstruction performed from the experimental data. This is an important issue as the experimentally recorded diffraction signal is recorded from radiation-damaged samples [19]. It also contains various kinds of background [21]. In contrast, the currently used reconstruction algorithms assume perfectly coherent scattering patterns with shot noise only.




2. Unsolved Issues and Challenges for Simulations of Single Non-Periodic Objects


2.1. Contribution of Inelastic Scattering Background to the Total Scattering Signal


Assuming the coherence time of the pulse to be short compared to the timescales of the processes occurring within the irradiated sample, the total number of photons scattered at the momentum transfer    q →    during a single XFEL shot becomes proportional to the incoherently summed signal intensities recorded at instantaneous snapshots of the system:


     I (  q →  ) ≡ ∫   d t  h ( t )  I (  q →  , t )     



(1)







The function   h ( t )   describes the temporal evolution of the x-ray flux, which is ensemble-averaged over XFEL shots. The intensity   I (  q →  , t )   is the instantaneous scattering intensity. It separates as follows [22]:


     I  (  q →  , t )  =  I  e l    (  q →  , t )  +  I  i n e l    (  q →  , t )      



(2)




where    I  e l    (  q →  , t )   ,    I  i n e l    (  q →  , t )    are the instantaneous scattering intensities, scattered elastically and inelastically at time t, respectively. Correspondingly, the total scattered signal,   I (  q →  )  , separates into:


     I  (  q →  )  =  I  e l    (  q →  )  +  I  i n e l    (  q →  )      



(3)







The elastically scattered intensity is related to the Fourier transform   F (  q →  , t )   of the electronic density of the system,   n (  r →  , t )  , and reads


      I  e l    (  q →  , t )  =   | F  (  q →  , t )  |  2  = ∫    d 3  r   d 3   r ′   n  (  r →  , t )   n  (    r →   ′  , t )    e  i  q →  ·  (  r →  −     r →   ′   )        



(4)







The treatment of the inelastic scattering contribution from neutral ground state atoms is known, and well documented in the literature. Tabulated values of inelastic (incoherent) scattering functions for all elements can be found, e.g., in [23]. Inelastic x-ray scattering from an ion in an arbitrary electronic state can be computed with ab-initio methods, as it has been done, e.g., in [24] with the XATOM code [25]. In experiments that have already been done at LCLS, the effect of inelastic scattering was negligible. When the sample is a nanocrystal [15], the strong coherent Bragg peaks dominate over inelastic scattering. Inelastic scattering is also negligible at low resolution experiments on single objects [11] when intensity at small scattering vectors is collected. However, the effect of inelastic scattering should be taken into account when planning atomic-resolution imaging of non-periodic samples. In [24,26] we showed that in this case the inelastic scattering from bound and unbound electrons can have a significant impact on the measured intensities: it contributes to the background that reduces the contrast of the recorded image. This effect is more pronounced at larger momentum transfers, i.e., at high resolution [26]. Dedicated theoretical calculations [24] show that the contribution of inelastic scattering from a carbon cluster to the total scattering signal at a resolution of   1 . 5    Å is high:   ∼ 40  %–50% at the imaging performed at a photon energy of 12 keV and pulse fluences of   10 11  –  10 13   photons per pulse [6], focused to a 100 nm spot. This yields a significant background signal.



Here we also note that a rigorous derivation of Equation (1) does not yet exist. Because of time-dependent processes progressing during the x-ray pulse (e.g., photoionization) the electronic system is in a non-stationary state [27,28]. Generalization of the differential scattering probability from the stationary case to the non-stationary case (Equation (1) in [27]) by assigning an additional degree of freedom (time) to the electronic density is not justified in general case. A detailed discussion on this issue is presented in [27,28,29]. They contain some known “special cases”, in which the scattering signal can be accurately described with Equation (1). In particular, in [29] Vrakking and Elsaesser discuss imaging of a sample containing a mixture of excited atoms and ground-state atoms. If ground-state and low-excited atoms are in majority, imaging signal “recovers” electronic density dependence from Equation (1). For nanocrystal imaging, this implies that if a sample is weakly damaged during the imaging pulse, Equation (1) can be applied. Such analysis was done, e.g., in [12]. However, the correct description of formation of scattering pattern under the conditions of coherent diffraction imaging with XFELs in general case remains yet another challenge for theory.




2.2. Realistic Particle Size


We can now formulate the first condition on sample size for a realistic imaging simulation. The simulated particle has to be large enough to obtain a sufficiently high signal from elastic scattering with sufficiently low background noise. Otherwise, its structural reconstruction at the desired resolution may not be possible. The originally developed two-step methods for pattern classification and orientation [30,31,32,33] require on the order of 0.1 photons per speckle at a desired resolution [34]. In [20] we estimated that in order to fulfill this condition under realistic pulse conditions (  ∼ 1    Å resolution with   10 12   incident 12 keV photons focused on a ∼100 nm spot), the scattering power of the sample has to be equivalent to that of an amorphous carbon sphere of ∼50 nm radius. Novel reconstruction algorithms [35,36,37,38,39] may enable 3D reconstruction from unoriented 2D images of a much lower signal-to-noise ratio. These algorithms are under development and their convergence properties are still being studied. These methods also require many images of the same object to be analyzed. This condition can be experimentally demanding. Also, it is still an open question how the reconstruction algorithms can deal with patterns containing different sorts of noise, in particular, the background signal from inelastically scattered photons. The second condition on sample size is given by the size of the objects of interest for XFEL imaging studies. We mean here large non-periodic reproducible samples which structure cannot be investigated with other experimental techniques.



To conclude this part, the simulations of high-resolution single-particle imaging should consider particles large enough: (i) so as to obtain the signal-to-noise ratio appropriate for the available reconstruction method; and (ii) which structure cannot be investigated with other experimental techniques. The theoretical analysis has to take into account the inelastic scattering contribution which is non-negligible for non-periodic samples. Also, the effect of other background noises that contribute to the imaging signal should be treated. Realistic studies of single molecule imaging should account for these effects [40].




2.3. Effect of Interparticle Correlations


Another important issue is the choice of simulation method to follow the evolution of an XFEL irradiated macromolecule. In order to investigate the effect of radiation damage, detailed modeling and understanding of ionization dynamics are needed. A continuum approach [41,42] is an efficient way to model radiation damage within large samples. However, it is not straightforward to obtain accurate information about imaging from this approach, as continuum models in use describe dynamical properties of electrons and ions, using average single-particle densities [26], and typically neglect two-particle correlations. The elastically scattered signal intensity that one can construct from the average density obtained from the continuum model is


   I C   (  q →  )  = ∫   d t  h  ( t )  ∫    d 3  r   d 3   r ′     〈 n  (  r →  , t )  〉  R     〈 n  (    r →   ′  , t )  〉  R    e   i  q →  ·  (  r →  −     r →   ′   )     



(5)




where the average denotes the average over the measured realizations (R) of the sample evolution, i.e., the ensemble average. To compare, the real scattering signal in Equation (4) depends on two particle correlations during individual realization. In [26] we have studied in detail the effect of two-particle electron-electron correlations on x-ray scattering patterns, obtained from systems under conditions similar to those expected during XFEL imaging experiments at atomic resolution. We have shown that to a large extent these correlations can be neglected, and the resulting simple estimate of the scattering intensity can describe the elastically scattered intensity with a good accuracy. This scheme can be applied when the reconstruction is performed from an ensemble-averaged pattern and also for the reconstruction methods such as the EMC algorithm [39] which are based on single-shot images. In the latter case, a simulation method which follows individual realizations of the system (shot-to-shot) with correlations included intrinsically would be a more preferable choice. Molecular dynamics (MD) modeling is an example of such method [1,43,44,45]. It also accounts for the granularity of ions. In this way the gradual degradation of atomic scattering factors and eventual atomic displacements can be conveniently followed during the simulations.



Molecular dynamics approaches used for imaging studies simulate trajectories of classical particles (atoms, ions and electrons). Currently, only with the classical MD approach one can achieve computational efficiency enabling imaging studies of large molecules (  >  10 4    particles). However, interparticle bonding and interparticle scattering are quantum processes. One can account for them in part by: (i) using quantum-mechanical transition rates for scattering processes (atomic cross sections); and (ii) introducing modified interatomic potentials and force fields to describe interparticle bonding. However, this is only an approximate treatment. Especially for low energy particles [45] quantum effects do play a role and cannot be treated accurately in such an approximate way. Therefore, we view the classical approximation as the main limitation of the MD approach.




2.4. Effect of Pulse Duration for Pulses below 10 fs


Let us mention that pulse propagation effects (reduction of pulse intensity) within a macromolecule can be neglected due to the long attenuation length for hard x-ray photons, e.g.,   ∼ 3500   µm in carbon (  ρ = 2 . 2   g/cm   3  ) for a 12 keV photon. However, the dependence of dynamics within the irradiated sample on the temporal pulse shape is not fully understood. If imaging is performed with laser intensities far below the direct (non-sequential) multiphoton absorption regime and with pulses longer than the excitation and relaxation times of photoinduced processes, one can expect that the final ionization state of the sample, i.e., the distribution of ion charges within the irradiated sample should predominantly depend on the pulse fluence, and not on the temporal characteristics of the femtosecond pulse.



But during imaging with short XFEL pulses the timescales of some radiation-induced processes within the sample become comparable to the pulse duration. According to our earlier studies on radiation damage [20,46], the damage within the irradiated sample during coherent diffraction imaging can be reduced to electronic damage, if sufficiently short pulses are used. Although charging, and later, expansion of an irradiated molecule are not homogeneous processes, pulses of duration of 10 fs or shorter allow to eliminate the effect of atomic displacements driven by repulsive forces between ions during the pulse [20]. Also, Auger processes have timescales in light elements of   10 . 7   fs (C),   7 . 1   fs (N), and   4 . 9   fs (O) [47]. This implies that after reducing the pulse duration below 10 fs, fewer Auger electrons will be emitted during the pulse. As Auger electrons and their secondaries are the main contributors to the electronic radiation damage, one can achieve a suppression of the total radiation damage by reducing Auger electron emission [46]. In this way, for imaging pulses of duration   ≤ 10   fs the dynamics within the sample during the pulse, thus affecting the formation of the diffraction pattern, starts to depend on the pulse duration.



An interesting question also arises, how the pulse duration influences the total number of photons scattered elastically and inelastically from the sample. If the imaging is performed with laser intensities low enough, one can expect that the total scattered signal should depend only on the pulse fluence, independently of the temporal characteristics of the pulse. However, suppression of the sample damage achieved with a shorter x-ray pulse would result in a higher scattering power of the sample [46]. Detailed studies of the effect of the pulse duration on the number of scattered photons can be found in [46].




2.5. Strongly Non-Equilibrium Evolution of Electron Distribution during Femtosecond Pulse


Short pulses of duration   < 10   fs impose an additional requirement on the simulation tools. At such short timescales, high-energy photoelectrons and Auger electrons emitted as a result of sample irradiation do not thermalize, i.e., their non-equilibrium evolution has to be followed [48,49,50]. Enforcing instantaneous thermalization (Maxwell-Boltzmann distribution) on the free electrons artificially increases the number of low energy electrons in the sample. As a result, the number of secondary ionizations is overestimated, as well as the predicted radiation damage. Therefore the usage of codes based on hydrodynamic approximations for imaging studies has to be restricted only to cases of long exposure [51]. For comparison, we estimated that within a neutral bulk material of atomic content corresponding to a typical protein [51] (   H 50   C 30   N 9   O 10   S 1    of   1 . 35   g/cm   3  ) the full thermalization of a single 12 keV photoelectron takes   ∼ 140   fs, and the thermalization of single KLL Auger electrons (∼300–500 eV for C, O, N and   ∼ 2000   eV for S) takes 5–15 fs. After these times one can assume a fully thermal (Maxwell-Boltzmann) distribution of the free electrons in the sample. Figure 1 shows the average number of secondary electrons created during impact ionizations by a primary (photo- or Auger) electron as a function of time. The calculations were performed using impact ionization cross sections from [52]. Parameters for photoinduced processes were taken from [47]. Please note that the above results show cascading times of a single electron within an infinite-size neutral medium. In case of intense x-ray irradiation, the presence of ions and the electron-electron interaction (efficient at high free-electron density) would reduce the thermalization time. Therefore, the above estimates for the thermalization time are the upper limits.
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Figure 1. (Color online) Average number of secondary electrons created during impact ionizations by a single (photo- or Auger) electron within an infinitely extended, neutral protein as a function of time. Impact electrons of 12 keV energy (photoelectron), and energies of 2 keV, 500 eV, 360 eV and 260 eV, corresponding to respective K-shell Auger emission from S, O, N and C were considered. 
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As the results above were obtained for a bulk protein, the question arises how much those electrons would contribute to the damage within a sample of a finite size. In previous simulations [1] it was assumed that the fastest electrons can leave a macromolecule without causing any impact ionization. Below we show the effective inelastic mean free path (IMFP) of an electron calculated for an infinitely extended, neutral protein of the atomic content listed above (Figure 2). As mentioned earlier, the imaged macromolecule has to be large enough to scatter enough photons (as, e.g., the carbon cluster of 50 nm radius discussed in [20]). From Figure 2 we find that the IMFP of 12 keV electron is   ∼ 130    Å, mean free paths for electrons of impact energy 300–2000 eV are between 10 and 30 Å. This implies that within a 100 nm large molecule all these electrons would be able to ionize further electrons collisionally, i.e., they would contribute to the radiation damage. However, if we make the imaging pulse short enough, the scattering events happen predominantly after the pulse is over. For instance, it was shown in [46] that with   0 . 1   fs long pulses of 12 keV photons the probability of impact ionization per photoelectron can be reduced to 20%. These results and the presented plot then indicate another possible path to reduce the electronic damage within the irradiated sample: through imaging with high-energy photons and sub-femtosecond pulses.
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Figure 2. (Color online) Effective electron mean free path calculated for neutral bulk protein of density   1 . 35   g/cm   3   consisting of hydrogen atoms (50%) , carbon atoms (30%), oxygen atoms (10%), nitrogen atoms (9%) and sulphur atoms (1%). 






Figure 2. (Color online) Effective electron mean free path calculated for neutral bulk protein of density   1 . 35   g/cm   3   consisting of hydrogen atoms (50%) , carbon atoms (30%), oxygen atoms (10%), nitrogen atoms (9%) and sulphur atoms (1%).
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Concerning direct photoabsorption processes, in [24] we found that inelastic scattering gives a significant background signal to imaging at high resolution. However, the background decreases with the increasing photon energy at high pulse fluences. Already, the use of photon energies of 12 keV and higher improves the signal quality at high resolution. Again, using high-energy photons seems to be more advantageous for imaging.




2.6. Effect of Chemical Environment and Plasma Screening on Ionization Dynamics


Finally, we list some physical processes occurring after x-ray irradiation which so far have not been fully treated. The first one is the effect of the chemical bonds on the x-ray absorption and electronic damage within the irradiated sample. A frequent simplifying assumption made is that the ionization within the imaged sample triggered by high-intensity radiation progresses very fast, and the chemical bonds within the molecule break very early in the exposure. The system can then be treated as being composed of ions and electrons, and atomic cross sections and rates can accurately describe ionization processes. As the experimental and theoretical data on   C 60   [43] confirm, this assumption is justified for molecules irradiated with high-fluence x-ray pulses.



However, at moderate pulse fluences the damage progress may be much slower, and chemical bonding can “survive” the laser shot to a large extent. As in non-periodic samples there is no signal amplification through Bragg reflection, the imaging signal becomes sensitive to the structure of individual scattering centers. The presence of a partially perturbed chemical environment affects the scattering signal from bound electrons. Hence, any rigorous attempt to determine electronic structure within an irradiated molecule should evaluate the effect of the radiation-perturbed chemical environment on the electronic structure of the molecule. So far, in molecular-dynamics based codes the classical force field method has been a crude approximation to account in part for chemical bond effects. An accurate treatment of electronic damage in the presence of a changing chemical environment (e.g., charge migration effects, Auger molecular decays) still remains a challenge for theory.



Second, imaging simulations frequently neglect possible electronic excitation and deexcitation processes, trying to reduce in this way the overall computational costs. For instance, the electronic inelastic MFP is often interpreted as the ionization mean free path: each inelastic event is then supposed to end up with a collisional ionization. In this approximation possible inelastic energy losses of electrons due to excitation processes are neglected. Including excitations could also affect the overall damage due to the additional channel of energy loss within the system.



Finally, the question can be posed if the presence of free electrons in the sample and, in particular, the charge screening induced by them can significantly influence the ionization process. It is well known that the charged environment within a dense plasma leads to the phenomenon of ionization potential depression (IPD) for ions embedded in the plasma. Accurate predictions of the IPD effect are of crucial importance for modeling atomic processes occurring within dense plasmas. Several theoretical models have been developed to describe the IPD effect, with frequently discrepant predictions. Only recently, first experiments on the screening effect of solid-density plasma on atoms embedded in the plasma have been performed at LCLS [53,54,55]. Their results were found to be in disagreement with the widely-used IPD model by Stewart and Pyatt [56]. This controversy showed a strong need for a rigorous and consistent theoretical approach to calculate the IPD effect. In [57] we proposed such an approach: an ab initio two-step Hartree-Fock-Slater model. With this parameter-free model we could accurately describe the experimental Al data and test the accuracy of standard IPD models. Here, with this model we calculate the shifts of K-shell levels in free-electron-screened ions, as K-shell ionization is the most probable photoionization channel for 12 keV photons. We also estimate the valence-shell shifts, as electron impact ionization excites predominantly valence-shell electrons from an atom. We consider a broad span of electron temperatures between 10 eV and a few hundred eV and assume charge quasi-neutrality. The estimated K-shell shifts for C,   C  + 1    and   C  + 2    ions -which give the dominant contribution to the scattering signal—are   ∼ 12  –27 eV,   ∼ 30  –40 eV and 50–64 eV respectively. They are not large when compared to the unscreened K-shell binding energy and the high impact energy of the incoming photon, 12 keV. Therefore, the plasma-induced shifts should not lead to a significant increase of the photoinduced ionization of the sample. Similarly, the shifts of the valence energy levels are 1–2 eV for C, 11–20 eV for   C  + 1    and 35–40 eV for   C  + 2    ions. The shifts could lead to an increased ionization of the sample by impact electrons only in case the impact electrons have an energy comparable with the shifts. As we showed above, electron cascades triggered by energetic photoelectrons or Auger electrons need a time of   ≥ 10   fs for cascading. Additionally, Auger emission can be delayed by up to 10 fs with respect to the photoionization event. This implies that for imaging pulses below 10 fs the number of low energy electrons within the sample will be low, so the effect of plasma-induced shifts on the damage by secondary electrons can be neglected with a good accuracy. Let us emphasize that this calculation based on the average atom model assumed local thermal equilibrium for electrons. As we mentioned above, for 10 fs long or shorter pulses, the electron distribution is non-equilibrium. A rigorous approach would require to include the non-equilibrium distribution in the calculations of atomic level shifts. Such a calculation scheme should be available soon within the XATOM package through an on-the-fly connection to a molecular dynamics simulation tool.



However, the problem not addressed yet in the context of atomic-resolution imaging is the x-ray scattering and x-ray absorption in plasma. Its correct treatment should take into account both the shifts of energy levels and the change of corresponding cross sections due to the dense free-electron environment. Such a rigorous approach to the scattering from an ionized biomolecule in the presence of plasma electrons is missing, and it requires dedicated ab-initio studies. We therefore add it into the list of challenges.





3. Summary


To sum up, in this review paper, we have discussed various processes and effects relevant for imaging-related simulations that have been neglected so far in the irradiation description, or are not yet fully understood. We recall briefly the main points: (i) contribution of inelastic scattering background to the total scattering signal; (ii) realistic particle size; (iii) effect of interparticle correlations; (iv) effect of pulse duration for pulses below 10 fs; (v) strongly non-equilibrium evolution of electron distribution during femtosecond pulse; and (vi) effect of chemical environment and plasma screening on ionization dynamics. We estimated the contribution of the effects to the overall radiation damage. In this way we could identify the unsolved issues and challenges for single-particle simulations, important for a correct description of imaging experiments. We expect that quantitative studies exploring the ideas described here will be performed in the near future.







Acknowledgments


We thank C. Caleman, H. Chapman, N.D. Loh, A. Mancuso, L. Samoylova, J.-M. Slowik, N. Timneanu, and C.H. Yoon for illuminating discussions.




Author Contributions


Beata Ziaja wrote this review paper with discussions and contributions from all authors. She is a co-author of papers [20,26,41,44,45,49,50,57].



Zoltan Jurek contributed to the manuscript with discussions and editing of the manuscript. He is a co-author of papers [2,3,20,24,26,43,44,45,57].



Nikita Medvedev contributed to the manuscript with discussions, calculations and editing of the manuscript.



Vikrant Saxena contributed to the manuscript with discussions, calculations and editing of the manuscript.



Sang-Kil Son contributed to the manuscript with discussions and editing of the manuscript. He is a co-author of papers [24,25,43,44,46,57].



Robin Santra contributed to the manuscript with discussions and editing of the manuscript. He is a co-author of papers [20,24,25,26,27,28,43,44,45,46,57].




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Neutze, R.; Wouts, R.; van der Spoel, D.; Weckert, E.; Hajdu, J. Potential for biomolecular imaging with femtosecond X-ray pulses. Nature 2000, 406, 752–757. [Google Scholar] [CrossRef] [PubMed]

	



Jurek, Z.; Faigel, G.; Tegze, M. Dynamics in a cluster under the influence of intense femtosecond hard X-ray pulses. Eur. Phys. J. D 2004, 29, 217–229. [Google Scholar] [CrossRef]

	



Jurek, Z.; Oszlányi, G.; Faigel, G. Imaging atom clusters by hard X-ray free-electron lasers. Europhys. Lett. 2004, 65, 491. [Google Scholar] [CrossRef]

	



Hau-Riege, S.P.; London, R.A.; Szöke, A. Dynamics of biological molecules irradiated by short X-ray pulses. Phys. Rev. E 2004, 69, 051906. [Google Scholar] [CrossRef]

	



Hau-Riege, S.P.; London, R.A.; Huldt, G.; Chapman, H.N. Pulse requirements for X-ray diffraction imaging of single biological molecules. Phys. Rev. E 2005, 71, 061919. [Google Scholar] [CrossRef]

	



Emma, P.; Akre, R.; Arthur, J.; Bionta, R.; Bostedt, C.; Bozek, J.; Brachmann, A.; Bucksbaum, P.; Coffee, R.; Decker, F.J.; et al. First lasing and operation of an ångstrom-wavelength free-electron laser. Nat. Photonics 2010, 4, 641–647. [Google Scholar] [CrossRef]

	



Ishikawa, T.; Aoyagi, H.; Asaka, T.; Asano, Y.; Azumi, N.; Bizen, T.; Ego, H.; Fukami, K.; Fukui, T.; Furukawa, Y.; et al. A compact X-ray free-electron laser emitting in the sub-angstrom region. Nat. Photonics 2012, 6, 540–544. [Google Scholar] [CrossRef]

	



Altarelli, M.; Brinkmann, R.; Chergui, M.; Decking, W.; Dobson, B.; Dusterer, S.; Grubel, G.; Graeff, W.; Graafsma, H.; Hajdu, J.; et al. The European X-Ray Free-Electron Laser Technical Design Report, DESY Report 2006-097 07/2007. 2007.

	



Chapman, H.; Barty, A.; Bogan, M.J.; Boutet, S.; Frank, M.; Hau-Riege, S.P.; Marchesini, S.; Woods, B.W.; Bajt, S.; Benner, W.H. Femtosecond diffractive imaging with a soft-X-ray free-electron laser. Nat. Phys. 2006, 2, 839–843. [Google Scholar] [CrossRef]

	



Bogan, M.J.; Benner, W.H.; Boutet, S.; Rohner, U.; Frank, M.; Barty, A.; Seibert, M.M.; Maia, F.; Marchesini, S.; Bajt, S.; et al. Single Particle X-ray Diffractive Imaging. Nano Lett. 2008, 8, 310–316. [Google Scholar] [CrossRef] [PubMed]

	



Seibert, M.M.; Ekeberg, T.; Maia, F.R.N.C.; Svenda, M.; Andreasson, J.; Joensson, O.; Odic, D.; Iwan, B.; Rocker, A.; Westphal, D.; et al. Single mimivirus particles intercepted and imaged with an X-ray laser. Nature 2011, 470, 78–U86. [Google Scholar] [CrossRef] [PubMed]

	



Barty, A.; Caleman, C.; Aquila, A.; Timneanu, N.; Lomb, L.; White, T.A.; Andreasson, J.; Arnlund, D.; Bajt, S.; Barends, T.R.M.; et al. Self-terminating diffraction gates femtosecond X-ray nanocrystallography measurements. Nat. Photonics 2012, 6, 35–40. [Google Scholar] [CrossRef] [PubMed]

	



Lomb, L.; Barends, T.R.M.; Kassemeyer, S.; Aquila, A.; Epp, S.W.; Erk, B.; Foucar, L.; Hartmann, R.; Rudek, B.; Rolles, D.; et al. Radiation damage in protein serial femtosecond crystallography using an X-ray free-electron laser. Phys. Rew. B 2011, 84, 214111. [Google Scholar] [CrossRef] [PubMed]

	



Boutet, S.; Lomb, L.; Williams, G.J.; Barends, T.R.M.; Aquila, A.; Doak, R.B.; Weierstall, U.; DePonte, D.P.; Steinbrener, J.; Shoeman, R.L.; et al. High-Resolution Protein Structure Determination by Serial Femtosecond Crystallography. Science 2012, 337, 362–364. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, H.N.; Fromme, P.; Barty, A.; White, T.A.; Kirian, R.A.; Aquila, A.; Hunter, M.S.; Schulz, J.; DePonte, D.P.; Weierstall, U.; et al. Femtosecond X-ray protein nanocrystallography. Nature 2011, 470, 73–U81. [Google Scholar] [CrossRef] [PubMed]

	



Tenboer, J.; Basu, S.; Zatsepin, N.; Pande, K.; Milathianaki, D.; Frank, M.; Hunter, M.; Boutet, S.; Williams, G.J.; Koglin, J.E.; et al. Time-resolved serial crystallography captures high-resolution intermediates of photoactive yellow protein. Science 2014, 346, 1242–1246. [Google Scholar] [CrossRef] [PubMed]

	



Schropp, A.; Schroer, C.G. Dose requirements for resolving a given feature in an object by coherent X-ray diffraction imaging. New J. Phys. 2010, 12, 035016. [Google Scholar] [CrossRef]

	



Fratalocchi, A.; Ruocco, G. Single-Molecule Imaging with X-Ray Free-Electron Lasers: Dream or Reality? Phys. Rew. Lett. 2011, 106, 105504. [Google Scholar] [CrossRef]

	



Quiney, H.M.; Nugent, K.A. Biomolecular imaging and electronic damage using X-ray free-electron lasers. Nat. Phys. 2011, 7, 142–146. [Google Scholar] [CrossRef]

	



Ziaja, B.; Chapman, H.N.; Faeustlin, R.; Hau-Riege, S.; Jurek, Z.; Martin, A.V.; Toleikis, S.; Wang, F.; Weckert, E.; Santra, R. Limitations of coherent diffractive imaging of single objects due to their damage by intense X-ray radiation. New J. Phys. 2012, 14, 115015. [Google Scholar] [CrossRef]

	



Lorenz, U.; Kabachnik, N.M.; Weckert, E.; Vartanyants, I.A. Impact of ultrafast electronic damage in single-particle X-ray imaging experiments. Phys. Rew. E 2012, 86, 051911. [Google Scholar] [CrossRef]

	



Van Hove, L. Correlations in Space and Time and Born Approximation Scattering in Systems of Interacting Particles. Phys. Rev. 1954, 95, 249. [Google Scholar] [CrossRef]

	



Hubbell, J.H.; Veigele, W.J.; Briggs, E.A.; Brown, R.T.; Cromer, D.T.; Howerton, R.J. Atomic form factors, incoherent scattering functions, and photon scattering cross sections. J. Phys. Chem. Ref. Data 1975, 4, 471. [Google Scholar] [CrossRef]

	



Slowik, J.M.; Son, S.K.; Dixit, G.; Jurek, Z.; Santra, R. Incoherent X-ray scattering in single molecule imaging. New J. Phys. 2014. [Google Scholar] [CrossRef]

	



Son, S.-K.; Santra, R. XATOM: An integrated toolkit for x-ray and atomic physics. In The Hamburg Centre for Ultrafast Imaging International Symposium 2013, Hamburg, Germany, 13–15 November 2013.

	



Jurek, Z.; Thiele, R.; Ziaja, B.; Santra, R. Effect of two-particle correlations on X-ray coherent diffractive imaging studies performed with continuum models. Phys. Rev. E 2012, 86, 036411. [Google Scholar] [CrossRef]

	



Dixit, G.; Vendrell, O.; Santra, R. Imaging Electronic Quantum Motion with Light. Avaiable online: http://www.pnas.org/content/109/29/11636.full (accessed on 25 February 2015).

	



Dixit, G.; Slowik, J.M.; Santra, R. Theory of time-resolved nonresonant X-ray scattering for imaging ultrafast coherent electron motion. Phys. Rev. A 2014, 89, 043409. [Google Scholar] [CrossRef]

	



Vrakking, M.J.; Elsaesser, T. X-Ray photonics: X-rays inspire electron movies. Nat. Photonics 2012, 6, 645–647. [Google Scholar] [CrossRef]

	



Huldt, G.; Szõke, A.; Hajdu, J. Diffraction imaging of single particles and biomolecules. J. Struct. Biol. 2003, 144, 219–227. [Google Scholar] [CrossRef] [PubMed]

	



Bortel, G.; Faigel, G. Classification of continuous diffraction patterns: A numerical study. J. Struct. Biol. 2007, 158, 10–18. [Google Scholar] [CrossRef] [PubMed]

	



Shneerson, V.L.; Ourmazd, A.; Saldin, D.K. Crystallography without crystals. I. The common-line method for assembling a three-dimensional diffraction volume from single-particle scattering. Acta Cryst. A 2008, 64, 303. [Google Scholar] [CrossRef] [PubMed]

	



Bortel, G.; Faigel, G.; Tegze, M. Classification and averaging of random orientation single macromolecular diffraction patterns at atomic resolution. J. Struct. Biol. 2009, 166, 226–233. [Google Scholar] [CrossRef] [PubMed]

	



Bortel, G.; Tegze, M. Common arc method for diffraction pattern orientation. Acta Crystallogr. Sect. A 2011, 67, 533–543. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Loh, N.T.D.; Elser, V. Reconstruction algorithm for single-particle diffraction imaging experiments. Phys. Rev. E 2009, 80, 026705. [Google Scholar] [CrossRef]

	



Fung, R.; Shneerson, V.; Saldin, D.K.; Ourmazd, A. Structure from fleeting illumination of faint spinning objects in flight. Nat. Phys. 2009, 5, 64. [Google Scholar] [CrossRef]

	



Tegze, M.; Bortel, G. Selection and orientation of different particles in single particle imaging. J. Struct. Biol. 2013, 183, 389–393. [Google Scholar] [CrossRef] [PubMed]

	



Hosseinizadeh, A.; Schwander, P.; Dashti, A.; Fung, R.; D’Souza, R.M.; Ourmazd, A. High-resolution structure of viruses from random diffraction snapshots. Philos. Trans. R Soc. Lond. B Biol. Sci. 2014. [Google Scholar] [CrossRef] [PubMed]

	



Loh, N.D.; Bogan, M.J.; Elser, V.; Barty, A.; Boutet, S.; Bajt, S.; Hajdu, J.; Ekeberg, T.; Maia, F.R.N.C.; Schulz, J.; et al. Cryptotomography: Reconstructing 3D Fourier Intensities from Randomly Oriented Single-Shot Diffraction Patterns. Phys. Rev. Lett. 2010, 104, 225501. [Google Scholar] [CrossRef] [PubMed]

	



Mancuso, A. Conceptual Design Report Scientific Instrument Single Particles, Clusters, and Biomolecules (SPB). European XFEL, XFEL.EU TR-2011-007. 2012. [Google Scholar]

	



Ziaja, B.; de Castro, A.R.B.; Weckert, E.; Möller, T. Modelling dynamics of samples exposed to free-electron-laser radiation with Boltzmann equations. Eur. Phys. J. D 2006, 40, 465–480. [Google Scholar] [CrossRef]

	



Hau-Riege, S.P.; London, R.A.; Szoke, A. Dynamics of biological molecules irradiated by short X-ray pulses. Phys. Rev. E 2004, 69, 051906. [Google Scholar] [CrossRef]

	



Murphy, B.; Osipov, T.; Jurek, Z.; Fang, L.; Son, S.K.; Mucke, M.; Eland, J.; Zhaunerchyk, V.; Feifel, R.; Avaldi, L.; et al. Femtosecond X-ray-induced explosion of C60 at extreme intensity. Nat. Commun. 2014. [Google Scholar] [CrossRef] [PubMed]

	



Tachibana, T.; Jurek, Z.; Fukuzawa, H.; Motomura, K.; Nagaya, K.; Wada, S.; Johnsson, P.; Siano, M.; Mondal, S.; Ito, Y.; et al. Nanoplasma formation by high intensity hard X-rays. submitted.

	



Jurek, Z.; Ziaja, B.; Santra, R. Applicability of the classical molecular dynamics method to study X-ray irradiated molecular systems. J. Phys. B 2014, 47, 124036. [Google Scholar] [CrossRef]

	



Son, S.K.; Young, L.; Santra, R. Impact of hollow-atom formation on coherent X-ray scattering at high intensity. Phys. Rev. A 2011, 83, 033402. [Google Scholar] [CrossRef]

	



Perkins, S.T. Tables and Graphs of Atomic Subshell and Relaxation Data Derived from the LLNL Evaluated Atomic Data Library (EADL). Z=1–100; UCRL-50400-V-30; Lawrence Livermore National Laboratory: Livermore, CA, USA, 1991. [Google Scholar]

	



Hau-Riege, S.P. Photoelectron Dynamics in X-Ray Free-Electron-Laser Diffractive Imaging of Biological Samples. Phys. Rev. Lett. 2012, 108, 238101. [Google Scholar] [CrossRef] [PubMed]

	



Ziaja, B.; Wabnitz, H.; Wang, F.; Weckert, E.; Möller, T. Energetics, Ionization, and Expansion Dynamics of Atomic Clusters Irradiated with Short Intense Vacuum-Ultraviolet Pulses. Phys. Rev. Lett. 2009, 102, 205002. [Google Scholar] [CrossRef] [PubMed]

	



Ziaja, B.; London, R.A.; Hajdu, J. Unified model of secondary electron cascades in diamond. J. Appl. Phys. 2005, 97, 064905. [Google Scholar] [CrossRef]

	



Chapman, H.N.; Caleman, C.; Timneanu, N. Diffraction before destruction. Philos. Trans. R Soc. Lond. B Biol. Sci. 2014, 369. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.K.; Rudd, M.E. Binary-encounter-dipole model for electron-impact ionization. Phys. Rev. A 1994, 50, 3954–3967. [Google Scholar] [CrossRef] [PubMed]

	



Vinko, S.; Ciricosta, O.; Cho, B.; Engelhorn, K.; Chung, H.K.; Brown, C.; Burian, T.; Chalupský, J.; Falcone, R.; Graves, C.; et al. Creation and diagnosis of a solid-density plasma with an X-ray free-electron laser. Nature 2012, 482, 59–62. [Google Scholar] [CrossRef] [PubMed]

	



Ciricosta, O.; Vinko, S.M.; Chung, H.K.; Cho, B.I.; Brown, C.R.D.; Burian, T.; Chalupský, J.; Engelhorn, K.; Falcone, R.W.; Graves, C.; et al. Direct Measurements of the Ionization Potential Depression in a Dense Plasma. Phys. Rev. Lett. 2012, 109, 065002. [Google Scholar] [CrossRef] [PubMed]

	



Cho, B.I.; Engelhorn, K.; Vinko, S.M.; Chung, H.K.; Ciricosta, O.; Rackstraw, D.S.; Falcone, R.W.; Brown, C.R.D.; Burian, T.; Chalupský, J.; et al. Resonant Kα Spectroscopy of Solid-Density Aluminum Plasmas. Phys. Rev. Lett. 2012, 109, 245003. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, J.C.; Pyatt, K.D. Lowering of Ionization Potentials in Plasmas. Astrophys. J. 1966, 144, 1203–1211. [Google Scholar] [CrossRef]

	



Son, S.K.; Thiele, R.; Jurek, Z.; Ziaja, B.; Santra, R. Quantum-Mechanical Calculation of Ionization-Potential Lowering in Dense Plasmas. Phys. Rev. X 2014, 4, 031004. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  photonics-02-00256


  
    		
      photonics-02-00256
    


  




  





media/file3.png
Inelastic mean free path (angstrom)

140 -
120 -
100-
80—-
60—-
0-

20 -

Electron in protein|

10

T
100

- '1'6'00
Energy, (eV)

T
10000





media/file0.png
Electrons per cascade

[~
[

-
o © o
e O >
o o >
1 1

700
600
500
400

12 keV (primary)

2keV (Auger of S)
500 eV (Auger of O)
360 eV (Auger of N)
260 eV (Auger of C)

caoaSR88858

— e e e e e e e - - - —— - = e - -

40 60 80 100 120 140 160 180 2
Time, (fs)

00





media/file1.png
Electrons per cascade

1000

900 -
800 -
700-
600 -
500 -
400 -
300 -
200
100-

{ —— 12 keV (primary)

- — 2keV (Augerof S)
—-— 500 eV (Auger of O)
—--=360 eV (Auger of N)
260 eV (Auger of C)

aar e» o o o a2 -G oGy o onp or ovces o o
-
——-
-
-
——
-
-
-
S
——

-— - GEES & GEED & G -'h - GEED e G O D O GEED © D T G S I S G e aEmn ® o
o EEE XxE axx iy kEx Xxf N Y rry kEr ExX s
L] L] L)

——
20

L] t-= I 1 ' 1 ! I ! I ' I ! I
60 80 100 120 140 160 180 200
Time, (fs)





media/file2.png
1000

Energy, (eV)

Electron in protein]

10000

100

120

T
(=]
<
-

(wouysbue) yjed aauy ueaw dnsejauj

T T T T T
(= (=3 (= (=] (=] o
o





