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Annotation. X-ray diffraction analysis is the main experimental approach to the 

determination of the atomic structure of biological macromolecules and their 

complexes. The most serious limitation of its applicability, which is caused by the 

extremely low intensity of the rays scattered by a single molecule, today, is the 

necessity to prepare a sample of the object under study in the form of a single 

crystal. The commissioning of X-ray free-electron lasers with their super-powerful 

(by many orders of magnitude exceeding the brightness of modern synchrotrons) 

and ultra-short (less than 100 fs) pulses is an experimental breakthrough, which 

allows us to expect to obtain diffraction patterns from individual biological 

particles and determine their structure. The first experimental results demonstrate 

the proof-of-principle of the approach and are accompanied by the publication of a 

large number of articles devoted to various aspects of the development of the 

method. The purpose of this review is to describe the current state of art in this 

area, evaluate the results achieved, and discuss the prospects for further 

development of the method based on the analysis of articles in the world scientific 

literature published in recent years and the experience of the authors and their 

colleagues.  

 

Key words: biological macromolecules, single particles, X-ray scattering, X-ray free 
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1. X-RAY DIFFRACTION EXPERIMENT 

1.1. Organization of a standard diffraction experiment in biological crystallography 

An X-ray diffraction experiment (X-ray diffraction analysis) is the main source of the 

information about the structure of biological macromolecules at atomic resolution. A standard 

scheme of the X-ray diffraction experiment is as follows (Figs. 1, 2). The object under study 

is fixed on a special device (goniometric head), which allows controlled rotation of the object. 

The object is irradiated by a monochromatic X-ray beam (primary beam). The result of 

irradiation is the appearance of new (secondary) X-rays (also called reflections), which 

propagate from the object in all directions. A part of these secondary rays hit a two-

dimensional matrix of detectors located behind the object. In the literature, the word 

"detector" usually refers to the entire physical device, i.e., the entire matrix and related 

electronics. We use the word "matrix" to emphasize that this device consists of a huge 

number, up to several million independent elements that detect radiation in particular 

directions. Each of these elements measures the intensity of the beam that hits it, or more 

precisely, the energy that came to it during the exposure of the object. The total set of 

intensities recorded by the matrix of detectors is called an X-ray frame, or "image", which 
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https://doi.org/10.17537/2020.15.195


DETERMINATION OF THE STRUCTURE OF BIOLOGICAL MACROMOLECULAR PARTICLES USING X-RAY LASERS 

t53 

Mathematical Biology and Bioinformatics. 2020. V. 15. № S. doi: 10.17537/2020.15.t52 

recalls the early years of biological crystallography when a cassette with a photographic film 

served as a detector matrix. The complete experiment consists in collecting a set of X-ray 

images corresponding to different orientations of the object relative to the primary beam, 

which is achieved by rotating the object between the exposures of individual frames. 

 

 

Fig. 1. A scheme of an X-ray diffraction experiment (the figure is reproduced from [1]). 

 

 
Fig. 2. The Ewald scheme of the diffraction experiment. The scattering vectors s that correspond to the 

reflections existing at a given time form the surface of a sphere (the Ewald sphere) in the reverse space 

(shown in purple). The reflections registered by the detector correspond to the part of this sphere (shown 

in green) determined by the physical dimensions of the detector matrix. The rotation of the object is 

accompanied by the rotation of the basis of the inverse space {a*, b*, c*}, i.e., a change in the position of 

the Ewald sphere and the scattering vectors of the registered reflections in the inverse space (the figure is 

reproduced from [1]). 

 

In the framework of the kinematic scattering theory, the processes that occur can be 

described as follows [2, 3]. The periodically changing electric field of the incident wave 

causes the electrons of the object under study to oscillate. The oscillating electrons become 

the sources of spherical electromagnetic waves, which are summed up on the detector. In this 

summation, the key role is played by the phase differences of the waves coming from 

different electrons, which, in turn, are determined by the relative position of electrons in the 

object. The relative position of electrons in the object is described by the electron density 
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distribution   r  so that the number of electrons in the elementary volume dV centered at the 

point r is  dV r . The computational task of the X-ray diffraction analysis is to find the 

distribution   r based on a set of X-ray images collected in the experiment. The electron 

density distribution found can be further interpreted in terms of a set of atoms whose 

coordinates are further refined [4]. 

Depending on the problem to be solved, the X-ray beam is considered either as a plane 

sinusoidal electromagnetic wave characterized by the wavelength  and the amplitude of the 

primary electromagnetic wave E0, or as a photon flux characterized by the energy of the 

photon Ephoton and the photon flux density j (the number of photons passing through a unit 

area per unit time). The length and amplitude of the wave are related to the energy and density 

of the photon flux by the relations 

 
2

0,
8

photon

hc
E j E

h


 
 

 , (1) 

where c is the speed of light and h is the Planck's constant. These relationships allow one to 

move from one type of description to another if necessary. When solving the structure, i.e., 

determining the positions of atoms based on the result of the X-ray experiment, a wave 

description is used. When we are talking about the parameters of the devices that generate X-

rays, or about the processes of radiation damage of the object, the corpuscular description is 

more convenient. 

1.2. Mathematical description of the results of a diffraction experiment. Structure 

factors 

Let vector 
0σ  (of unit length) indicate the direction of the primary X-ray beam, and the 

unit vector σ  be directed from the object to the point of the energy registration of the 

secondary beam (the pixel in the matrix of detectors). In the framework of the kinematic 

scattering theory, the energy of a secondary beam  0,E σ σ  scattered by the object with the 

electron density distribution   r can be represented as 

    
2

0 0, εE Eσ σ F s . (2) 

Here, E0 is the energy of the primary wave, and the constant  is a combination of physical 

constants and experimental parameters (e.g., the distance from a sample to the detector and 

the time of the exposure to X-rays) and does not depend on the structure of the sample. Vector 

s is the wavelength-normalized combination of the vectors that determine the directions of the 

primary and secondary rays 

 0   .
λ



σ σ

s  (3) 

This vector plays an important role in the scattering theory and in crystallography, and is 

referred to as the scattering vector (an alternative name in other sections of physics the 

transmitted momentum vector). Complex quantities F(s) in crystallography are called 

structure factors and are calculated as  

      
3

3, ,ρ exp 2π     i dV   r

R

F s r s r s R  (4) 

where s r  denotes the scalar (dot) product of vectors s and r. The squares of the magnitudes 

of these quantities    
2

I s F s  are called intensities of reflections. 
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1.3.  Reconstruction of the electron density distribution. Phase problem. Resolution 

Integral (4) is nothing but the Fourier transform of the electron density distribution   r . 

Therefore, the electron density distribution can be calculated as the inverse Fourier transform: 

      
3

3π ,exp 2   ,  i dV     r

R

F s r r Rr s  (5) 

provided that the complex values F(s) are known for all vectors s in the three-dimensional 

space. (In crystallography, the space of scattering vectors is called the reciprocal space). In 

practice, the implementation of formula (5) faces two fundamental problems. 

The first problem, the so-called "phase problem”, is that the values of both magnitudes 

and phases of complex structure factors are necessary for the calculation of   r  by formula 

(5). At the same time, as follows from formula (2), the standard diffraction experiment allows 

one to determine (on a relative scale) only the values of magnitudes |F(s)| of the structure 

factors. The recovery of phase values (s) is a central computational problem in biological 

crystallography. A number of approaches are used to solve this problem, and none of them is 

universal [5–7]. 

The second problem is related to the fact that the calculation by formula (5) requires 

knowledge of all structure factors, while, in practice, even magnitudes can be determined only 

for a part of them. The completeness of the set S of scattering vectors included in the 

calculation of integral (5) is usually characterized by the value of "resolution". The concept of 

"resolution" has various interpretations in crystallography and is discussed in a number of 

papers [8–10]. We will limit ourselves here to the main concept, the concept of "formal 

resolution". Formula (5) represents the electron density distribution as the sum of Fourier 

harmonics  exp 2i  s r  weighted by the values of structure factors. The real and imaginary 

parts of this complex function are functions that vary sinusoidally along the direction s and do 

not change in planes perpendicular to this direction. (Such functions can be called "standing 

plane waves"). The period of the function along the direction s is equal to 

 
1

2sin
d


 

s
 , (6) 

and is called the resolution corresponding to the reflection s and the structure factor F(s). Here 

 is half the angle value between the directions σ  and 
0σ , and  is radiation wavelength. A 

set of reflections S is said to be of the resolution dmin if all (or "almost all") reflections with  
1

minds  are included in it. Integral (5) calculated from this set of reflections is called the 

Fourier synthesis of the electron density resolution dmin. The value of dmin determines the 

minimum size of the details that are distinct on "topographic maps" corresponding to this 

Fourier synthesis. 

1.4. Possibility of experimental measurement of the intensities of the reflections. Crystals 

The main problem in performing of the experiment described above is the extreme 

weakness of scattered X-rays. The value of the constant  in equality (2) can be estimated as
2410

, which makes it extremely difficult to register scattered rays. The whole history of the 

development of X-ray diffraction analysis is related with the search for the ways to overcome 

this problem. The most obvious ways to solve this problem are the follow. 

 An increase in the power of X-ray source (an increase in the value E0 in formula (2)). 

Until recently, synchrotrons were the most powerful source of X-ray radiation. Recently 

developed X-ray lasers are significantly more powerful radiation sources. 
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 An increase in the sensitivity of the detector. Most modern detectors allow one to 

record individual X-ray photons [11]. 

 An increase in the exposure time of the X-ray image. The applicability of this 

approach is limited by the destruction of biological macromolecules by X-ray radiation. We 

will discuss this issue in more detail in Section 3 below. 

 A collection of a diffraction pattern from several samples. Speaking about the 

radiation damage to a sample, it should be taken into account that, during the experiment, it is 

necessary to obtain a set of diffraction images. This means that only a fraction of the total 

radiation resource of the object can be used to obtain each of them. This problem can be 

partially mitigated by a sequential data collection from multiple identical copies of the object. 

Further development of this idea is the “flow" (serial) scheme of the organization of the 

experiment, when each X-ray image is obtained from a separate copy of the object. We will 

discuss this in more detail in section 2.1.1. 

Despite constant progress in the development of experimental techniques at all stages of 

experiment, it was impossible, until recently, to obtain a diffraction pattern from a single 

biological macromolecule. 

So far the only way to bypass the problem of impossibility to detect weak rays is to 

prepare an experimental sample in the form of a single crystal. In a crystal, a set of identical 

equally oriented macromolecules are arranged in a regular way so that equivalent points of 

different molecules fill the three-dimensional periodic lattice. Let  , ,a b c  be the minimal 

linearly independent periods (basis) of this lattice. Secondary waves coming to the detector 

from different copies of the molecule have phase shifts that are multiples of 

2 ,2 ,2     s a s b s c . In the case that the conditions of Bragg – Wolfe are satisfied  

 , , , , , integerh k l h k l      s a s b s c , (7) 

all waves come with equal phases. In this case, the intensity of the total wave on the detector 

increases by a factor of N2, where N is the number of molecules in the crystal sample. This 

radical increase in the intensity makes it possible for the detector to register the wave, and 

these reflections are called Bragg reflections. If the conditions (7) are not met, the waves 

come with different phases and suppress each other. Thus, the crystal plays a dual role. On the 

one hand, it dramatically amplifies the signal for a discrete set of reflections defined by 

equations (7) and, on the other hand, it suppresses information for the rest of the reflections. 

If a crystal is used as a sample, the electron density distribution in it is periodic in three 

independent directions, and integrals (4) and (5) take the form of the Fourier series 

      ρ exp 2π
V

i dV  rF s r s r  (8) 

      
целые

1
exp 2hkl hkl

hkl

i
V 

    r F s s r  , (9) 

where V is a unit cell (a parallelepiped built on vectors  , ,a b c ), |V| is its volume, hkls  is a 

vector defined by equations (7) for the given values of the indices hkl. 

The preparation of the crystal of the object under study is the most difficult part of X-ray 

diffraction research, which is not always implemented in practice. 
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2.1. The main directions of research in structural biology with the use of free electron 

lasers 

2.1.1. Serial crystallography 

A significant advantage of X-ray lasers over synchrotrons is a high concentration of 

radiation energy in the region of the intersection of the X-ray beam with a sample, which 

makes it possible to obtain diffraction patterns for very small crystals with the size of several 

microns. This opens up possibilities, in particular, for determining the structure of membrane 

proteins. Due to a low level of expression, difficulties with purification, and the instability, it 

is difficult to obtain membrane proteins of good quality in necessary quantities to grow 

crystals large enough for X-ray crystallography. 

In a traditional crystallographic experiment at a synchrotron, a single crystal mounted on a 

goniometric head is rotated between exposures, which, ideally, makes it possible to measure a 

full set of diffraction intensities. During each exposure, the crystal rotates at a small angle in 

order for the full intensities of individual Bragg reflections to be measured. In serial 

crystallography experiments, a stream of crystals is delivered into X-ray pulses. A crystal 

caught in an X-ray pulse gives only one diffraction image containing partially exposed Bragg 

reflections. To obtain a complete set of experimental data, a huge number of diffraction 

images have to be collected, processed, and combined into a single set [15]. 

The first serial experiments were conducted at LCLS with microcrystals of the large 

membrane protein complex of photosystem I [16]. The crystal sizes in these experiments 

ranged from 200 nm to 2 μm. The structure of photosystem I in these experiments was 

determined at a resolution of 8 Å, which was limited by the incident beam wavelength of 

6.9 Å. Later, the first experiments with protein crystals with sizes of the order of several 

microns were carried out; the data of atomic resolution up to 1.9 Å were obtained [17]. 

During the following years, femtosecond flow crystallography experiments were performed 

with large complexes, such as photosystem II and ribosomes [18–20], as well as with g-

protein coupled receptors [21, 22] and a number of soluble and membrane proteins [23–25]. 

Currently, the smallest crystals used for diffraction experiments at LCLS (and at all X-ray 

lasers) the diffraction data from which were collected to a relatively high resolution of 1.9 Å 

are the native crystals of the occlusion bodies of Cydia pomonella granulovirus [26]. The 

volume of crystals delivered into the X-ray pulse was on the average 0.016 μm3, which is 

approximately equal to 9000 elementary crystal cells. 

With the commissioning of EuXFEL, the term megahertz crystallography appears, which 

has the same meaning as serial femtosecond crystallography but implies a higher pulse 

repetition rate. The first serial experiments at EuXFEL were performed with crystals of small 

proteins concavalin A, concavalin B, and beta-lactamase [27, 28]. In these experiments, data 

were collected up to a resolution of 1.7 and 2.1 Å and the possibility of determining 

crystalline protein structures from EuXFEL data was shown. In recent experiments with 

microcrystals of photosystem I of cyanobacteria (the size of the crystals 5 × 5 × 15 μm3) the 

crystal structure of photosystem I was determined at a resolution of 2.9 Å [29]. 

It should be noted that the term serial crystallography is also used in the literature in a 

different sense when it comes to determine a series of structures that correspond to different 

states of the object under study. 

2.1.2. The study of fast processes (time-resolved crystallography)  

At the moment, significant progress in this area has been made using so-called pump-

probe experiments, in which an optical laser (“pump”) excites the object under study 

(transfers it into a different state), and an X-ray laser examines it (“probe”). Objects under 

study are biological molecules that, under the influence of light, pass into short-lived 

transition states accompanied by structural changes in their structure [30–36]. In the 

experiment, for a fixed time before the samples fall into the X-ray laser beam and diffraction 
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data are recorded, the samples are irradiated with a light source (optical laser), thereby 

initiating the reaction and corresponding structural changes in the sample. The experiment is 

carried out at different times of delay between the action of the optical laser and the hit of 

samples by the X-ray pulse. The diffraction experiment is also performed for the samples that 

have not been irradiated with the optical laser (in the so-called “dark state”, “dark probe”). 

After processing the diffraction data and building the models of structures, researchers get a 

set of spatial structures corresponding to different times that have passed since the beginning 

of the reaction, and, therefore, have the opportunity to study the structural changes occurring 

with time. The reason why these changes are difficult to study at synchrotrons is that the 

minimum duration of an X-ray pulse on a synchrotron is of the order of 100 ps. Structural 

changes caused by the breaking of bonds occur at much shorter times (on the femtosecond 

scale), and X-ray lasers in long-term perspective are a powerful tool for studying them. 

Examples of these studies are the investigations of myoglobin and photoactive yellow protein 

(PYP). 

Myoglobin is a protein that stores oxygen in muscles and imparts red color to them. Along 

with the polypeptide chain, a myoglobin molecule has a heme containing Fe2+ ion with which 

ligands, such as CO, easily bind. The covalent bond between Fe2+ and CO is broken by light 

within 50 fs. In an experiment conducted at LCLS, diffraction data for myoglobin crystals 

were obtained at ten delay times between the flash of the optical laser and the entry of the 

crystal into the laser pulse (from 0.1 to 150 ps) [33]. Based on the diffraction data, structural 

changes in the heme and the surrounding part of the protein were studied. 

The photoactive yellow protein (PYP) is a small water-soluble protein that contains a 

covalently bound chromophore (para-coumaric acid). The absorption of a photon from the 

blue region of the spectrum triggers a complete photocycle, a sequence of reactions and 

structural changes the first of which is the cis-trans isomerization of the chromophore. In the 

experiments conducted at LCLS and a synchrotron, diffraction data were obtained with a 

delay between the optical laser and the X-ray pulse of 3 and 100 ps, respectively [34]. In 

recent experiments at EuXFEL, the researchers were able to collect data for three intermediate 

points on the time scale, with a delay between the optical and the X-ray lasers of 10, 30 and 

80 ps, and, thus, obtain dynamic structural data in the range that has not been studied 

previously [36]. Thus, detailed structural changes of the chromophore isomerization process 

can be studied at the smaller time step. 

2.1.3. Experimental studies of single particle   

In structural biology, a “single particle” is defined as a separate biological object that is 

not in a crystalline state, for example, a separate cell, a separate viral particle, or a separate 

protein molecule. At modern synchrotrons, the intensity of X-ray diffraction from these 

objects is too weak to be measured. Therefore, the commissioning of such high-intensity 

radiation sources as XFEL creates a hope to extend the X-ray diffraction analysis methods to 

individual macromolecular particles [37]. In the subsequent text, we will focus mainly on the 

problems of the implementation of this approach in practice.  

3. RADIATION DAMAGE TO OBJECTS IN EXPERIMENTS AT X-RAY LASERS 

3.1. Diffraction before destruction  

The use of super-intensive and ultra-short pulses of free-electron lasers to obtain 

diffraction data for single non-crystalline biological samples was proposed even before X-ray 

lasers were put into operation, and was one of ideas that motivated their construction. A pulse 

of X-ray laser has such a high intensity, which is of the orders of magnitude higher than that 

of the radiation of modern synchrotrons, so that the diffraction signal from a non-crystalline 

sample will be high enough to register it. However, a laser pulse of such high power can 

cause a destruction and an explosion of the sample. It was suggested that for very short pulse 
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durations, in the ideal case, less than 10 fs, it would be possible to register the diffraction 

pattern before the sample is destroyed [38]. This diffraction pattern is called “diffraction 

before destruction”.  

3.2. Destruction of a sample by an X-ray pulse 

When an X-ray beam passes through a sample, both elastic beam scattering (Thompson 

scattering), which contributes to the diffraction pattern, and inelastic scattering (photoelectric 

effect and Compton effect), during which all or part of the photon energy is transferred to the 

sample atoms, occurs. The energy absorbed by the sample is used for knocking out electrons 

from atoms and the subsequent ionization of atoms, for propagation of electrons through the 

sample, for the breakage of covalent bonds, fluorescent emission, and the heating of the 

sample.  

Radiation damage to a sample begins with the absorption of an incoming photon by an 

atom, which is accompanied by the emission of a photoelectron from the atomic K-shell with 

an energy from several hundred to thousands of electron volts [39, 40]. Then, the transition of 

an electron from the outer shell to a vacant place on the inner shell in the atom (Auger 

transition) and either the emission of Auger electron [41, 42] or fluorescent radiation take 

place (for light atoms, the emission of Auger electron is more probable). The Auger transition 

time in biomolecules ranges from 4.9 fs for oxygen to 10.7 fs for carbon [43]. Photoelectrons 

and Auger electrons have significantly different energy and velocity values. For example, if 

the energy of the absorbed photon is 6 keV, the initial speed of the photoelectron of a carbon 

atom is 450 Å/fs, while, for the Auger electron, it is 100 Å/fs [40]. Photoelectrons and Auger 

electrons propagate through the sample, interact with the atoms of the sample, and cause 

cascades of secondary ionization in the time range from 10 to 100 fs [44]. An electron with an 

initial energy of 5.7 keV causes 240 secondary ionization events within 10 fs [40]. Ionization 

of atoms causes changes in atomic form factors and Coulomb repulsion of ionized atoms, 

which leads to their shift, or, more precisely, repulsion from each other [41, 45]. 

Simultaneously with the Coulomb expansion, the phenomenon of electron capture occurs, 

when negative charges can no longer escape from the system, causing, on the one hand, the 

neutralization of the positive charge of the system, and, on the other, a further increase in the 

ionization rate [38, 41, 46]. All these processes will cause attenuation and an increase of the 

level of noise of the diffraction pattern. A high degree of ionization of the sample leads to a 

Coulomb explosion and its complete destruction [38, 47, 48].   

In modern free-electron lasers, the pulse energy reaches 4 mJ, and the number of photons 

per pulse can be as large as 1012. The pulse duration ranges from several fs to several tens of 

fs. For example, if the beam is concentrated on an area of one µm2, this gives a photon flux 

density of up to 104/Å2 per pulse. To study single particles, the so-called nano-focusing of 

beams is used to obtain diffraction patterns containing as many photons as possible (when the 

diameter of the focused beam is less than one µm). This leads to even higher density of the 

photon flux that falls on the sample and an increase in the diffraction signal, but this will also 

cause an increase in radiation damage. 

Among the most important issues in the organization of a specific experiment are:  

 Under what conditions does Coulomb explosion start, i.e., how to plan an experiment 

to get a diffraction pattern before Coulomb explosion of the sample?  

 Under what experimental conditions will the level of the diffraction signal 

significantly exceed the noise level caused by the destruction of the sample during the pulse?  

3.3. Radiation dose as a characteristic of the degree of the radiation damage to the 

sample  

The transfer of energy to the sample and, accordingly, the degree of its destruction are 

quantified using a physical quantity called the radiation dose (or simply the dose). The dose is 
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the energy absorbed by the sample during the interaction of incoming X-ray radiation with the 

sample per unit mass of the sample. The dose is measured in gray (Gy). One gray equals one 

Joule divided by 1 kg of mass. The dose can be estimated by the formulas: 

 

   
 

1 exp

...

incident

C C N N O O

incident ph

Dose I x m

n n n

I Flux E

     

         



, (10) 

where Iincident is the total energy of the incident beam that falls on the sample, m  is the mass of 

the irradiated part of the sample, Flux is the flux of the photons that fall on the sample, Eph is 

the energy of one photon, µ/ρ = σn/ρ is the mass absorption coefficient, n is the number of 

atoms of a specified type per unit volume (C, N, O – chemicals), σ is the interaction cross 

section for a given type of atoms, ρ is the density of the sample, and x is the thickness of the 

sample. For specific samples, the mass absorption coefficient is either calculated using 

tabulated cross-section values for different chemical elements (for example, using 

International Tables for Crystallography or using  the server 

https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html), or is measured in an 

experiment [49]. The radiation dose can also be calculated using the program RADDOSE-3D 

[50, 51] or a recently improved version of this program RADDOSE-XFEL for experiments on 

free electron lasers [52]. 

In protein crystallography, an estimate for the dose limit, the so-called Henderson limit, 

equal to 30∙106 Gy is widely used (sometimes in the literature, the Henderson limit is taken to 

be 20∙106 Gy). Initially, this estimate was obtained as a dose value for medium-sized crystals 

at which radiation damage causes a decrease in the diffraction intensity by approximately two 

times. Later, the value of the Henderson limit was proposed based on numerous experimental 

data as the recommended dose limit in experiments on synchrotrons with medium-sized 

crystals at 100 K [53]. For experiments at room temperature at synchrotrons, an estimate of 

0.38∙106 Gy for the recommended dose limit [54] was recently obtained. 

However, in experiments with single particles, these estimates for the dose limits appear 

to be not valid. Even in the first experiments with single particles on synchrotrons, no signs of 

sample destruction in the diffraction patterns at doses significantly exceeding the Henderson 

limit were detected [55–57]. For example, in the experiments with a single cell, the total dose 

absorbed by the sample during the experiment was estimated to be 455∙106 Gy, which is an 

order of magnitude higher than the Henderson limit [56]. In experiments using SACLA, in 

which diffraction patterns were obtained and a two-dimensional reconstruction of a single cell 

was made, the dose per pulse was estimated to be 100∙106 Gy [58]. Thus, both in synchrotron 

and free-electron laser experiments, diffraction data were collected at doses significantly 

exceeding the previously determined maximum possible values. 

3.4. Reliability of the maximum possible dose estimate 

Let us consider possible reasons for the discrepancy between the theoretical and 

experimentally obtained estimates of the maximum possible dose. 

When analyzing the reasons why generally accepted maximum possible dose estimates are 

not valid in experiments with single particles, we must first take into account that almost all 

diffraction data from single particles have been obtained at a very low resolution, of the order 

of tens of nanometers. While the recommended dose limits (Henderson limit, etc.) were 

obtained with crystals at an average resolution of about 2 Å. The higher the resolution of the 

data, the more sensitive they are to radiation damage [57, 59, 60]. The fact that, in the 

experiments of Rodriguez and co-authors, the cells were resistant to the high dose and the 

diffraction pattern did not change (Fig. S2, [56]) most likely can be explained by the very low 

resolution of the diffraction patterns, which did not exceed 50 nm. Although the total dose of 

https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html
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4.55∙108 Gy received by the cell in the experiments exceeded the Henderson limit by an order 

of magnitude, this value is apparently not enough for a significant damage to the cell that 

would cause distortions of the diffraction pattern at a resolution of 50 nm. For example, in the 

case that the maximum resolution value lies in the range of 0.1–10 nm, an empirical formula 

was proposed that relates the resolution value of the diffraction pattern in nanometers to the 

maximum dose value in Gy that the sample can withstand: Dose = 108∙Resolution [57]. 

In synchrotron experiments, the low resolution of the data seems to be the main reason 

why the radiation damage does not significantly affect the diffraction pattern. 

The second point that one has to take into account is the differences in the parameters of 

the incident beam between a synchrotron and a free electron laser. At free electron lasers, the 

photon flux density reaches 104 ph/Å2 per pulse (i.e., per tens of fs), while, for example, in 

experiments with a single cell at a synchrotron, the photon flux density per diffraction image 

was estimated as 0.5 ph/Å2 per second [57]. The intensity of the incident beam at a modern X-

ray laser is many orders of magnitude higher than the intensity at synchrotrons. Accordingly, 

the values of the doses received at an X-ray laser are also very high in comparison with those 

at synchrotrons. Already in the first experiments with crystals at X-ray lasers, estimates from 

700∙106 Gy to 3 GGy for a dose per pulse were obtained [16, 61]. At the same time, the 

solved structures did not contain any signs of radiation damage observed in crystal structures 

on synchrotrons. These experimental results on lasers were interpreted as confirmation of the 

possibility of “diffraction before destruction”. 

The dose obtained by a sample on X-ray lasers is orders of magnitude higher than the dose 

obtained in synchrotron experiments. And this dose is obtained in a much shorter time, in tens 

of femtoseconds, while on synchrotrons, collecting only one frame can last seconds. In data 

collection on synchrotrons, radiation damage accumulates over a much longer time interval 

than the duration of the laser pulse. With the accumulation of experimental results, more 

accurate estimates for the maximum possible dose values in laser experiments will apparently 

be obtained. 

In the case of a single particle, to obtain a precise estimate for the dose value is quite a 

challenge. A single biological particle (cell, virus, and organelle) is much smaller than the 

smallest crystals. When estimating the dose, it is necessary to carefully determine the number 

of photoelectrons and Auger electrons that will leave the sample instead of spreading through 

the sample and causing a cascade of new reactions and a further destruction of the sample. 

Taking this fact into account can significantly reduce the estimate for the absorbed dose (Fig. 

8 in [51]). 

The number of experimental studies of chemical and structural processes in samples 

caused by an X-ray pulse over a period of about tens of femtoseconds is not yet high due to 

the facts that the X-ray lasers just start to be commissioned, the process of debugging them is 

underway, and the experiment is complex. The first experimental studies of the effects of 

ionization and charge redistribution caused by an X-ray laser pulse were carried out with 

small molecules containing a heavy atom [62–66]. Molecular fragmentation caused by 

Coulomb explosion was studied for small molecules containing iodine atom [67–69] and for 

the relatively large C60 molecule [70, 71]. 

At the same time, particular studies began to appear that contained experimental evidence 

that at high values of the photon flux density, which are achieved due to nano-focusing of the 

beam, or at relatively long laser pulses, global and local damage of protein crystals is 

observed, similar to one that occurs in crystal structures on synchrotrons. Initially, these 

phenomena were detected only for relatively long pulses. For example, a decrease in the 

diffraction intensity was detected at a high resolution for a pulse length of 70 fs [61]. Local 

destructions were observed at a pulse length of 40 fs [72]. Changes in the electron density for 

metal atoms or ions, sulfur atoms, structural changes in the region surrounding the cluster 

with heavy atoms [72–74], elongation of disulfide bonds, and structural changes in the side 

groups of aromatic residues were reported [75].  
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In many recent studies along this line, a “pump-probe” scheme of the experiment (used at 

modern lasers) is applied, in which two laser pulses fall onto a sample at a fixed time interval. 

The first pulse initiates the damage to the sample, and the second pulse is designed to obtain a 

diffraction pattern from the sample in which these destructions have already begun to occur 

between the two pulses [75, 76]. Note that in the recent study, local effects of radiation 

damage in crystals were observed already at time intervals between pulses approximately 

equal to 20–30 fs [75]. 

Studies of this type have not yet been carried out with single biological molecules. The 

fact of obtaining X-ray images from individual particles and the fact that two- or three-

dimensional models of the particle were built using these data are considered by many 

researchers as a confirmation of the possibility to obtain the diffraction before destruction. 

However, we emphasize once again that, at a very low resolution, we can only state that the 

diffraction was obtained before the Coulomb explosion, but we cannot judge the degree of 

destruction of the sample. Almost all diffraction data obtained for single particles were 

obtained at a resolution of the order of tens of nanometers, with the exception of the data for 

the tobacco mosaic virus, which were collected at a resolution of 5.9 Å [77]. However, we 

note that the structure of the virus was solved only at a much lower resolution of 69–72 Å 

[78]. 

The first results of modeling of ionization and Coulomb explosion of a single protein 

molecule on a future free-electron laser were reported in the paper where the idea of 

diffraction before destruction was proposed [38]. The lysozyme molecule surrounded by 118 

water molecules was taken as a sample. Pulses of different duration, from 2 to 50 fs, were 

modeled. The Coulomb explosion always occurred (during or, in some cases, after the pulse) 

(Fig. 2 from [38]). We emphasize that, along with the number of photons per pulse, one of the 

key parameters when modeling damage processes is the photon flux density, which is equal to 

the photon flux per unit area. The value of the photon flux per pulse was taken as 1012, which 

corresponds to the value achieved with modern lasers, while, the value of the photon flux 

density of 3.8∙106 ph/Å2 at which these calculations were performed, exceeds the maximum 

value currently achieved in experiments with single biological particles. In subsequent works, 

Coulomb explosion was reproduced many times in computer simulations [79, 80]. 

The parameters of the incident beam that directly define the degree of radiation 

destruction of the sample are the photon flux density and the pulse duration. In experiments 

with single molecules, it is desirable that the photon flux density of the incident beam be as 

high as possible. However, the radiation damage will, then, also be significant. The radiation 

damage can be reduced if the pulse duration is less than the Auger transition time [38, 46, 81]. 

In this case, the ionization level of the sample will be significantly lower, and diffraction will 

occur before the secondary ionization cascades propagate. For a carbon atom, the Auger time 

is 10 fs, and for a sulfur atom, it is 1.3 fs [82]. Fortmann-Grote and colleagues concluded that, 

in experiments with single particles, the optimal pulse duration should be between three and 9 

fs, and 9 fs is the preferred time, since the diffraction signal in this case will contain a much 

large number of photons, which is important at the next step for determining the particle 

orientation [39]. Previously, it was suggested that, radiation destruction can be prevented by 

using a pulse lasting several hundred attoseconds [83]. At the moment, this pulse duration is 

not yet achievable. 

However, there are results that are more optimistic. Numerical simulations of the 

interaction of an X-ray pulse and a single lysozyme molecule were performed at 1012 and 1013 

photons per pulse [80]. The diameter of the focused beam was assumed to be 100 nm, which 

gives the values for the photon flux density of the order of 106 and 107 ph/Å2. Note that such 

high photon flux density values have not yet been achieved at modern lasers. Based on 

numerical experiments, the authors concluded that for pulses with a duration not exceeding 50 

fs, the radiation damage is insignificant and its effect on the diffraction image does not exceed 

the effect of the sample inhomogeneity. In [84], the influence of non-stationary atomic 
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scattering factors in a high-power X-ray beam on the intensities of rays scattered by biological 

macromolecules was studied by computer modeling methods. It was found that the changes in 

the diffraction pattern caused by the time dependence of the scattering factors are negligible if 

the photon flux density in the primary beam does not exceed 104 ph/Å2 during the pulse, 

which corresponds to the power of modern X-ray lasers. However, if the photon flux density 

increases to 106 or 108 ph/Å2 per pulse, the discrepancies become significant and require 

corrections to the schemes of the theoretical calculation of the diffraction pattern.  

4. ORGANIZATION OF AN EXPERIMENT IN STUDIES OF MACROMOLECULAR 

OBJECTS USING FREE ELECTRON LASERS  

4.1. Delivery of samples into an X-ray beam 

Not all X-ray laser stations have appropriate conditions for experiments with single 

particles. (Relevant information is on the website of each laser). For example, at LCLS, it is 

possible to conduct these experiments at two stations, Coherent X-ray Imaging (CXI) and 

Atomic, Molecular & Optical Science (AMO). Experiments with single particles at EuXFEL 

are currently conducted at SPB/SFX station. The first demonstration of the possibility of 

diffraction data collection from a single non-crystalline solid sample on free electron lasers 

and the determination of its structure was performed at FLASH [85]. The first experiment 

with a biological sample (mimivirus) was carried out at the AMO station of the LCLS [86]. 

Further experiments with single biological samples (individual cells, cell organelles, bacteria, 

and viruses) were performed using LCLS, SACLA, and EuXFEL. The key points for 

organizing these experiments, along with the support of the radiation source and the very 

complex equipment at the stations, are the availability of a sufficient number of 

approximately identical samples of individual particles and an effective delivery of samples 

into the X-ray beam. The requirement of “identity" of the samples is caused by the fact that 

one two-dimensional diffraction pattern (image, frame) is recorded for each sample. The 

presence of a large number of two-dimensional diffraction patterns from approximately 

identical objects that correspond to different orientations of the object relative to the X-ray 

beam allows one to hope that it will be possible, by combining all these data, to determine the 

three-dimensional structure of the object. Methods for delivering samples into the X-ray beam 

are currently being tested and improved. 

4.1.1. Delivery of samples in aerosol form  

In single-particle experiments on free-electron lasers, samples are currently delivered into 

the beam in two ways: in the form of an aerosol (at the moment of intersection with the laser 

pulse, samples are in the gaseous phase) and on fixed targets (samples can be either in the 

liquid substrate or in the solid state). In most experiments, samples are supplied as an aerosol 

[86–92]. With this method of delivery, the goal is to isolate the particle under study from the 

surrounding liquid solution. The intensity of the diffraction signal is the sum of the signal 

from the particle and the signal from the surrounding medium in which it is delivered to the 

X-ray beam. The signal from a single non-crystalline particle is relatively weak even at pulse 

flux densities as high as in free-electron lasers. It is significantly weaker than the signal from 

crystals and may be weaker than the signal from a solvent. In the aerosol delivery method, the 

solvent evaporates before the particle enters the X-ray beam. Thus, the particle does not have 

a liquid environment that contributes to scattering and that makes it difficult to determine the 

diffraction signal from the particle itself.  

A general scheme of sample delivery, in this case, includes the transfer of the samples 

from the buffer solution to the state of aerosol droplets, the delivery of the droplets to a 

vacuum chamber, where the droplets evaporate and, after which individual particles are 

focused by aerodynamic lenses at the intersection with the X-ray pulse. 
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Aerosol droplets are formed either via an aerodynamic nozzle (gaz-dynamic virtual 

nozzle, GDVN [93]) using helium or by electrospray [94, 95]. The GDVN nozzle allows one, 

using a gas stream, to compress the liquid jet with samples up to several micrometer. When 

using an electrospray, the flow of particles from the solution is formed under the influence of 

only electrostatic forces. The injector, created at the Uppsala University, allows the delivery 

of single particles of sizes from 30 to 3000 nm. The speed of incoming particles depends on 

their size and the gas flow rate. For example, particles smaller than 100 nm have a speed of up 

to 200 m/s, while particles of the order of a micrometer have a speed of no more than 20 m/s 

[96].  

In most single-particle experiments, GDVNs were used. Relatively recently, it was 

proposed, as an alternative, to use electrospray for forming aerosol droplets [97]. The authors 

performed experiments at LCLS with several different biological samples (carboxysomes, 

tbsv tomato virus, and Rubisco protein). It was shown that electrospray allows one to increase 

the speed of droplet delivery by approximately 15 times compared with the delivery of 

particles by GDVNs, as well as to obtain aerosol drops of smaller sizes and with a smaller 

spread of sizes for sucrose and biological samples. A higher delivery speed can provide a 

higher frequency of X-ray beam hits of the particles, and a smaller size of aerosol droplets 

provides less contaminations on the surface of aerosol droplets. Aerosol droplets have a size 

of the order of a micron or less and contain a different number of test particles (each drop can 

contain from zero to several particles). 

If samples are delivered in the form of an aerosol, there are a number of fundamental 

difficulties that have to be taken into account at the next stages of the structure determination:  

 After the evaporation of droplets containing several particles, clumped particles can be 

formed, i.e., an aggregation of the samples can occur, and, either one or several clumped 

particles can enter the beam.   

 Non-volatile chemical compounds from the solution settle on the surface of aerosol 

droplets, which leads to an additional noise and a distortion of the diffraction data.  

 The number of hits of the laser pulse on the particles is relatively low, which makes it 

necessary to prepare a very large number of samples (for example, it took 10 months to 

prepare samples for one night shift of data collection with EuXFEL, private communication). 

Work is currently in progress to improve the design of aerosol injectors. The main 

directions of the improvement of aerosol injectors include increasing the number of laser 

beam hits on particles, reducing residual gas (for example, helium or carbon dioxide) in the 

vacuum chamber, which leads to the noise of the diffraction data, and elimination of breakage 

of the injector. 

4.1.2. Delivery of samples on solid targets  

In several experiments with single particles on synchrotrons, samples were fixed and 

delivered into the beam on solid targets [56, 98, 99]. The experiment in this case was a 

modification of the standard X-ray crystallographic experiment. Either a sample was mounted 

on a goniometric head and rotated during the exposure [56] or only one diffraction pattern 

was taken for each sample [98]. 

At free-electron lasers, the beam intensity is so high that the sample is most probably 

destroyed by a single pulse. Therefore, the experiments with solid targets are organized so 

that new samples are supplied into each laser pulse. A specially prepared chip with samples is 

fixed to a mechanical device in a vacuum chamber. As a solid base for chips, silicon 

membranes or carbon films are usually used. During the experiment, the chip is shifted 

perpendicularly to the laser pulse according to the raster scheme so that each chip 

compartment is hit by a new pulse only once. The requirement to conduct an experiment in a 

vacuum chamber is dictated by the need to reduce the noise in the diffraction signal caused by 

scattering on air molecules. The chip itself is designed differently depending on the form in 
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which the samples are submitted. The following options for delivering samples on solid 

targets are used: 

 Submission of samples in solution. This option is used to preserve living specimens 

(for example, cells) during the experiment in an environment similar to that in which they are 

in nature. A thin layer of samples surrounded by a thin layer of a solvent is placed between 

two layers of the Si3N4 membrane in the compartments of a special chip that form a lattice. 

On SACLA, a mechanical apparatus for delivering samples on solid targets is created [100]. 

The chip is mounted on this device in a vacuum chamber. During the experiment, it is shifted 

perpendicularly to the laser pulse according to the raster scheme so that each chip 

compartment intersects with a new laser pulse only once. This method of sample delivery was 

used to collect data on SACLA for cells from Microbacterium lacticum [58].  

 Delivery of samples in dried form. This method was used in experiments with human 

chromosomes [101]. A chromosome solution was placed on a special membrane, washed, 

and, then, the chromosomes were dried either in the open air or using chemical reagents. 

Experiments with dried samples of non-crystalline amyloid fibrils were similarly organized 

on LCLS; the samples were delivered in a pulse on a graphene substrate [102].  

 Delivery of frozen samples at cryogenic temperatures on a solid target. This method is 

used to investigate the structure of fixed frozen undisturbed samples. In this delivery option, a 

similar raster mechanical setup in a vacuum chamber is used. However, it is not a chip with 

special compartments containing a liquid solution of samples, which is fixed on the apparatus, 

but a membrane with frozen samples prepared by a special fast freezing procedure. The 

membrane is attached to a metal disk with windows. During the experiment, the sample disk 

is shifted each time in increments of 25–50 μm to ensure that new fresh samples enter into the 

pulse. This method of sample delivery was used, for example, on SACLA in a series of 

experiments with samples of chloroplasts from C. melorae and cells from E. coli [103]. 

4.2. Detectors  

The development of free-electron lasers possessing a high pulse frequency (for example, 

up to 4.5 MHz on EuXFEL) and a high intensity of each pulse (e.g., each pulse on EuXFEL 

contains up to 1012 photons [104]) also required the creation of new detectors with a wide 

sensitivity range from one photon to 104 photons and higher per pulse per pixel, and a high 

speed of writing and reading the data. The sensitivity of the detector to individual photons is 

particularly important for experiments with single particles, in which the diffraction intensity 

can be of several photons per diffraction pattern [105]. 

A detector that meets these requirements is, for instance, the Adaptive Gain Integrating 

Pixel Detector (AGIPD) [106–108] developed in 2017 and installed on the SPB/SFX station 

EuXFEL. Note that this is not the only detector used on EuXFEL and other free electron 

lasers. PnCCD, CSPAD [109] and ePIX [110] are used on LCLS, MPCCD is used on 

SACLA, and the adJUstiNg Gain detector FoR the Aramis User station (JUNGFRAU) is used 

on SwissFEL [111, 112]. The AGIPD detector is a hybrid detector, which means that the 

photodiode and microelectronics belong to different blocks and can be improved 

independently of each other. The detector has four identical parts, each of which can move 

independently of the others and consists of four panels. Each panel is a monolithic silicon 

sensor and is a separate device. By a shift of the detector parts relative to each other, one can 

create a horizontal gap between the parts and a space in the center for the central part of the 

beam to pass through the detector. The total number of pixels (independent recording 

elements) is 1024∙1024, i.e., approximately one million. The size of a single pixel is 

200∙200 μm. Each pixel has analog memory and can store up to 352 images. A detailed 

description of the sensor part of each panel and electronic equipment can be found in [108, 

113]. Images are stored in the detector's memory during a single pulse bunch (“train”) and 

read during the interval between the bunches, which on EuXFEL lasts 99.4 milliseconds. The 
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detector has a low noise level, which allows the detection of weak signals from a few photons 

[108]. The detector is installed on a special platform. The vacuum chamber where the X-ray 

pulse intersects with the sample, as well as all devices located further along the X-ray beam, 

including the detector, are mounted on a common rail system, which allows one to move the 

equipment along it. In particular, this makes it possible to move the platform with the detector 

to change the distance between the area of intersection of the pulse with the sample and the 

detector at EuXFEL from 120 mm to 6 m [114]. 

4.3. Data storage  

An X-ray free electron laser generates pulses in batches (or “trains"). On EuXFEL, a 

single butch consists of up to 2700 pulses. Ten batches are generated per second. Each pulse 

produces a single raw diffraction pattern, which contains readings from all the detector pixels. 

Thus, during EuXFEL experiment in which 1-megapixel detector is used, the amount of data 

recorded per laser pulse is 2 Mbytes, and the amount of data can be up to 10 Gbytes per 

second [115]. Note that LCLS-II, which is currently under construction, will emit up to 1 

million pulses per second. Such a huge amount of raw data, as well as the necessary 

calibration parameters, required the creation of special systems for monitoring, processing, 

and storage of data on each laser. For example, on EuXFEL, during the experiment, the main 

parameters are monitored and continuously displayed using the system Karabo [116], which 

also later provides the user with the calibrated data [117]. All raw data are stored for users for 

later analysis on the Maxwell cluster. The user, in turn, has to know the specification of 

HDF5 format in which the data are stored, and to work with libraries that operate on files in 

this format (e.g., with the Python libraries pandas and xarray), as well as with modern tools 

for interactive work with data, such as Jupyter Notebooks. 

4.4. Data processing  

After the diffraction experiment finished, i.e., a large number of diffraction patterns have 

been collected, the following main stages of data analysis and processing are performed: 

 Estimation of noise in order to subtract it from the useful signal. This stage is not 

always the first one. It is often done after the 2nd or the 3rd stages.  

 Selection of diffraction patterns containing a useful signal and their classification. 

Selection and classification are carried out in different order, sometimes in several stages 

[118]. 

 Determination of the mutual orientation of two-dimensional diffraction patterns. 

Calculation of three-dimensional diffraction intensity function I(s) = |F(s)|2. 

Let us consider in detail each of the stages and the problems that arise. 

In the experiment, a huge set of images ("frames") is collected. However, not all of them 

can be used at the next stages of the structure determination. In the vast majority of cases, an 

X-ray pulse does not intersect with the sample, and, accordingly, the resulting frames are 

empty, i.e. they contain only background noise, the main contribution to which is made by the 

background from the injector and from the scattering on gas molecules in the vacuum tube. 

These frames have to be sorted out. Later, they can be used, along with “dark runs”, to 

estimate the noise that must be subtracted from the frames containing a useful signal. The 

procedure for selecting non-empty frames containing a scattering signal is called hit finding. 

It can be performed using the programs Redflamingo, Hummingbird [119], Cheetah [120], 

CASS [121, 122], and Psana [123]. We emphasize that the problem of the recognition of a 

useful signal and the subtraction of noise is not at all trivial. First, the intensity of the useful 

signal in many cases is very small. Second, the experimental noise does not follow the 

Gaussian distribution and changes from frame to frame, which complicates the separation of 

photons scattered by the particle and "noise" photons, and, ultimately, greatly complicates the 

solution of the structure (to the point that makes the solution impossible). 
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After non-empty frames have been selected, the task of their further classification arises. 

Among non-empty frames, there are those obtained from the intersection of the beam with a 

single particle, with more than one individual particles, with complexes of several clumped 

particles, with clusters of gas molecules or water droplets. To determine the orientation of a 

single particle, it is necessary to select from all the diffraction patterns only those that 

correspond to the diffraction from one single particle. Different approaches have been tried to 

solve this problem. Rose and co-authors [118] compared the results of application of two 

different approaches to the selection of frames corresponding to the single particle from the 

same experimental set of non-empty frames. The first approach involved the diffusion map 

method [124, 125], and the second one used a multi-stage frame selection procedure in 

combination with the principal component method. The data were collected at LCLS in 

experiments with single particles of the bacteriophage PR772. Using the diffusion map 

method, 14772 frames were selected from 44039 non-empty frames [90]. In the second 

approach, the authors decided to use not all 44039 frames, but only sufficiently strong ones. 

The initial 44039 frames were first sorted according to the value of the integral intensity, and, 

for further analysis, the data selected at different cut levels were compared. The need to select 

different levels was dictated by the fact that, on the one hand, the authors wanted to select as 

many frames with a strong signal as possible, and, on the other hand, among the frames with a 

strong signal there were frames with scattering from several particles. It is desirable that the 

relative number of these frames be small. The authors performed further procedures for three 

different cut-off levels. Before the method of principal components has been applied, a data 

compression was performed. In a recent paper [127], it was shown that the blurring 

(weakness) of the signal is not a problem in itself. Apparently, the main problem is still the 

presence of changing noise. 

In [128], the authors modified the experimental data collected earlier at LCLS. They tried 

to simulate either diffraction from a smaller particle or a weaker experimental diffraction 

intensity. The weakening of experimental data was simulated in two variants: a decrease in 

the number of photons and a decrease in the number of diffraction patterns. Instead of initial 

14772 diffraction patterns, the authors randomly selected 8192, 4096, 20148, 1024, and 512. 

It was shown that, even when the original experimental data were weakened, it was possible 

to determine the structure of the object. 

For the serial scheme of the delivery of the particles into the beam, a significant problem 

during the data processing is that the particles fall into the X-ray beam in arbitrary, previously 

unknown orientations. "Post-experimental" determination of the mutual orientation of 

exposed particles is necessary to correctly index the diffraction patterns, i.e., for each point of 

a two-dimensional diffraction pattern, to determine the corresponding three-dimensional 

scattering vector (3). A few approaches have been proposed to solve this problem. 

The most well-known approach to the determination of the orientation of a single particle 

is the common arc method, which is based on the same idea as the common lines method used 

in electron microscopy. The idea is as follows. All the scattering vectors corresponding to the 

pixels of the detector matrix lie on a spherical surface of radius 1/ that passes through the 

origin of the inverse space coordinates (Fig. 2). When the object is rotated, this spherical 

surface rotates. The surfaces that correspond to two different orientations of the object have a 

common intersection line to which the curves with the same intensity values on the two 

diffraction patterns correspond. Having found the curves that coincide in intensity on two X-

ray images it becomes possible to determine the mutual orientation of particles at the moment 

of exposure. However, the use of this approach is difficult in the case of complex objects in 

an experiment with a high noise level. 

Among the algorithms that are being developed to solve this problem, the so-called 

Expand-Maximize-Compress (EMC) algorithm [129], implemented in the Dragonfly program 

[130], is currently the most advanced. We emphasize that this algorithm was applied not only 

to model data, but also to real experimental diffraction data collected at LCLS. It was 
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successfully applied for the first time to solve the structure of mimivirus [89] and, then, the 

structures of the bacteriophage PR772 [118] and Melbourne virus [92]. The algorithm is an 

iterative procedure. At each step of this procedure, a set of diffraction patterns corresponding 

to different orientations of a trial model is calculated (Expansion step). Then, for each of the 

experimental and calculated diffraction patterns, a function is calculated that quantitatively 

characterizes their “degree of similarity” (Maximization step). A new trial model is assembled 

from the experimental diffraction patterns (Compress step). In this case, the diffraction 

patterns calculated at the previous step are not directly replaced by the experimental 

diffraction patterns, but each new “trial” diffraction pattern is the sum of all diffraction 

patterns with the weights determined at the previous step of Maximization. 

To plan an experiment with single particles at X-ray lasers numerical simulation programs 

can be useful. The user can apply, for example, S2Esim [131] software packages created at 

EuXFEL and Condor [132] created at the Uppsala University (Sweden).  

5. THREE-DIMENSIONAL RECONSTRUCTION OF ISOLATED PARTICLES 

FROM X-RAY SCATTERING DATA  

5.1. Virtual crystal  

Theoretically, an X-ray diffraction experiment with an isolated particle allows one to 

determine the intensity of scattered waves    
2

I s F s for all scattering vectors s that satisfy 

the condition 1

limd s , with 
lim 2d   , where  is the wavelength of X-rays. The analytical 

properties of the Fourier transform of a function with a finite support theoretically allow one 

to extrapolate these values to all vectors of the reciprocal space 
3s R , but, today, there is no 

practical algorithm to perform this extrapolation [1, 133]. In practice, the result of the 

experiment is a discrete set of diffraction patterns corresponding to different orientations of 

the object relative to the primary beam. Each of these diffraction patterns contains 

information for a discrete set of pixels of the detector matrix. The scattering vectors s 

corresponding to the pixels of a particular X-ray image are located on the surface of one of the 

spheres (of radius 1/ in the reciprocal space that passes through the origin. The 

discretization of the experimental data set consists in extrapolation of the measured values to 

the regular lattice  hkl
  s  in the reciprocal space: 

 , , , integerhkl h k l h k l     s a b c  . (11) 

Here , ,  
a b c are selected vectors that define the basis of the lattice. In the case of a crystal 

object, the choice of basis , ,  
a b c   is predetermined. These are vectors conjugated to the 

vectors , ,a b c  that define the unit cell of the crystal. The lattice nodes  , in this case, are 

Bragg reflections, i.e. those reflections for which the experiment allows one to measure the 

intensities, and which are necessary to calculate the electron density in the form of the Fourier 

series (9). When the object is an isolated particle, the vectors , ,  
a b c  can be chosen rather 

arbitrarily [1, 133]. As a rule, they are chosen orthogonal and of equal length. A 

parallelepiped V constructed on its conjugate vectors , ,a b c  can be called a virtual crystal cell. 

The Fourier series (9) calculated from a set of reflections   is a periodic function each unit 

cell of which contains the image of a single particle surrounded by a region with zero electron 

density (the "solvent region"). The choice of the periods , ,a b c  of the virtual crystal that 

exceed the object dimensions, or, what is the same, the choice of sufficiently small sampling 

steps, allows one to formulate the problem of the structure determination as a common 

problem of X-ray diffraction analysis. This analysis is based on the knowledge of set of 

magnitudes of structure factors for a (virtual) crystal structure, to reconstruct the electron 

density distribution in it [1]. 
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5.2. Projection methods for reconstruction of electron density  

Freedom of choice of the size of the unit cell of a virtual crystal in studies of isolated 

particles allows you to deal with the cells a significant part of which is occupied by a solvent. 

This situation is particularly favorable for using the methods of "electron density 

modification" proposed in the 70s of the 20th century [134–138], in particular, "solvent 

flattening" [134, 139, 140]. When using the latter method, it is assumed that the unit cell is 

divided into the region of the molecule and the region of the solvent. In general, the method 

consists of a cyclic application of two steps: 

 А. Solvent smoothing. The electron density distribution calculated in some way is 

modified: its values in the area occupied by the solvent are forcibly set to 0.  

 B. Substitution of magnitudes. According to the modified density distribution, the 

structure factors are calculated    expcalc calcF is s  using formula (8). The phases of the 

calculated structure factors are used together with the experimental values of the magnitudes 

 obsF s  to calculate the new density distribution by formula (9). 

From the mathematical point of view, the operation of zeroing the density in the solvent 

region and the procedure of the substitution of the magnitudes in Fourier synthesis can be 

called "projectors". The purpose of the procedure is to find an electron density distribution 

that simultaneously has the correct (experimental) values of the structure factor magnitudes 

and is equal (or close to) to zero in the solvent region. 

The convergence rate of the iterative procedure can be increased by using so-called 

"reflectors". For the projector P, the reflector R is defined by the equality R = 2P – I, where I 

is the identity operator. The reflector reinforces the tendency of the change of the object, 

introduced by the projector. Thus, if the action of the projector of “density zeroing” in the 

solvent region is to replace the value  by 0, then the action of the reflector is to replace it  

by –. The action of the reflector corresponding to the operation of the magnitude substitution 

is to calculate the Fourier synthesis (9) with the coefficients 

      2 exp .obs calc calcF F i s s s  The use of reflectors can significantly speed up the 

convergence, but it can make, as well, the procedure less stable. Therefore, numerous 

approaches based on different alternation of these two pairs of projectors and reflectors have 

been proposed [135, 139, 141–145]. All the examples described in section 6 of the 

determination of the structures of isolated particles were obtained using various modifications 

of these methods. 

5.3. Connected masks of a molecule region as a tool for solving the phase problem  

The methods described above, which use solvent smoothing imply that the mask of the 

molecule region is known, i.e., it is indicated which points of the virtual unit cell belong to the 

region of the molecule and which do not. At the initial stage of the study, this information is 

not available, and incorrect assignment of the area of the molecule can lead to incorrect 

results. Several approaches to the determination (refinement) of the boundaries of the 

molecular region based on filtering highly noisy Fourier syntheses have been proposed [140, 

146–148]. It should also be noted that iterative procedures may turn out to be divergent, 

converge to false solutions, or get stuck at some critical points.  The procedure based on a 

random search for a connected mask of a molecule [149–153] can serve as a preliminary 

iterative stage for solving the phase problem. The approach is based on a randomly generation 

of a large number (millions) of hypothetical connected masks of the molecule region. The 

generated mask is considered acceptable if the magnitudes of structure factors calculated from 

it accurately reproduce their experimental values. Acceptable masks are stored for further use. 

The generation process continues until the specified number (for example, 100) of admissible 

masks is reached. The sets of structure factors corresponding to the selected masks are aligned 
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and averaged. The found phase values can be used for calculating the Fourier synthesis or as 

input data for programs that refine the phase values.  

6. DETERMINATION OF THE STRUCTURE OF ISOLATED PARTICLES. 

EXAMPLES 

During the past decade, a number of experiments have been conducted at free-electron 

lasers, in which diffraction from single biological particles has been obtained [11, 58, 86, 88–

90, 92, 118, 154–158]. The performance of these experiments involves overcoming numerous 

experimental difficulties and is itself a great achievement in biological crystallography.  

In numerical experiments with simulated data, it was shown that with modern parameters 

of free-electron lasers, the solution of structures of isolated particles is a feasible task [159]. 

Besides, there are experimental works carried out on synchrotrons in which the geometry of 

the experiment was the same as in free-electron lasers, and it was demonstrated that, even 

despite the weak and smeared signal on the detector, the reconstruction of a three-dimensional 

object is quite possible [127]. However, in a real experiment with single biological particles, a 

number of factors appear that greatly complicate this task. These factors include, first of all, 

the inhomogeneity of the particles that fall into the beam (all particles are not exactly of the 

same size, there may also be the presence of impurities, the formation of complexes of the 

particles under study with impurities, as well as the formation of complexes of particles with 

each other), and the presence of noise that cannot be properly modeled and that may change 

during the experiment.  

To date, only a small number of individual particles have been reconstructed, and only for 

a few of them the reconstruction is three-dimensional (see Tab. 1). Admittedly, these results 

do not yet look like sufficient evidence that the method for the determination of the three-

dimensional structure of a single particle has been developed. The resolution obtained is very 

low. As a result, the final reconstructions give a fairly rough idea of the shape of the object 

and the reconstructed particles are similar to each other. 

 
Table 1. Isolated (non-crystallized) biological objects whose structure was determined from 

experimental data collected on free-electron lasers 

Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Cells from diatom Navicula 

perminuta. 

FLASH, 8 nm. 

Si3N4 membrane. 

[154] 

 

 

Resolution 380 nm. 

(The figure is reproduced from [154].) 

 

Resolution is limited by the 

size of the detector. 

Two-dimensional 

reconstruction. 

Projection methods [143]. 
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Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Cells from bacteria 

Spiroplasma melliferum, 

Prochlorococcus marinus, 

Synechococcus elongates. 

FLASH, 13.5 нм. 

Si3N4 membrane. 

[155] 

 

S. melliferum, size 5 μm × 0.15 μm. 

 

 

Resolution 31 nm. 

P. marinus, size 0.5 μm. 

 

 

Resolution 83 nm 

S. elongatus, size 1.5 μm × 0.8 μm 

 

 

Resolution 38 nm. 

(The figures are reproduced from [155]) 

Two-dimensional 

reconstruction. 

Projection methods [143]. 

 

Acanthamoeba polyphaga 

mimivirus. 

LCLS, 6.9Å. 

Aerosol. 

[86]. 

CXIDB ID 1 

 

Size of the particle 450 nm. 

 

 

                            200 нм 

Resolution 32 nm. 

(The figure is reproduced from [155]) 

Two-dimensional 

reconstruction. 

Projection methods [143]. 
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Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Cells from Microbacterium 

lacticum. 

SACLA, 2.25Å. 

Micro-liquid enclosure array. 

[58] 

Size of the particle 194 нм × 570 нм. 

 

Resolution 37 нм. 

 (The figure is reproduced from [58].) 

Two-dimensional 

reconstruction. 

Projection methods [143] 

RNAi microsponges 

SACLA, 2.48 Å. 

Si3N4 membrane windows. 

[156] 

 

Size of the particle 650нм × 820нм. 

 

Resolution 70 нм. 

(The figure is reproduced from [156].) 

Two-dimensional 

reconstruction. 

Projection methods [143] 

Carboxysomes from 

Halothiobacillus neapolitanus. 

LCLS. 

Aerosol. 

[87]. 

CXIDB ID 25 

 

Size of the particle 115 nm.  

 

Resolution 18.1 нм. 

(The figure is reproduced from [87].) 

Three-dimensional 

reconstruction. 

Projection methods [143] 

Cells of cyanobacterium 

Cyanobium gracile, 

Synechococcus elongates. 

LCLS. 

Aerosol. 

[88]. 

CXIDB ID 26 

 

Size of the cell 

0.25–0.4 μm  * 0.4–4.0 μm.  

 

Resolution 109 nm. 

(The figure is reproduced from [88].) 

Two-dimensional 

reconstruction. 

Projection methods [143] 
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Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Acanthamoeba polyphaga 

mimivirus. 

LCLS. 

Aerosol. 

[89]. 

CXIDB ID 30 

 

Size of the particle 450 nm. 

 

Resolution 125 nm. 

(The figure is reproduced from [89] with 

the permission of  ©American Physical 

Society, 2015) 

Three-dimensional 

reconstruction. 

Projection methods [143]. 

Chloroplasts from red algae 

Cyanidioschyzon merolae.  

Minicells from E. coli strain 

ME8077. 

SACLA. 

Carbon and silicon nitride 

membrane . 

[103] 

 

Chloroplas, the size 1.7 μm. 

 

                                     500нм 

Minicell, the size 800 нм. 

 

               500 nм 

Resolution 52 nm. 

(The figures are reproduced from [103].) 

Two-dimensional 

reconstruction. 

Projection methods [143] 

Cells of bacteria Staphylococcus 

aureus. 

SACLA. 

Si3N4 membrane. 

[161] 

 

 

 

 

 

Two connected daughter cells. 

 
                               300 nm 

Resolution 143.5 nm. 

Two-dimensional 

reconstruction. 

Projection methods [143] 
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Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Four connected daughter cells. 

 

                                300нм 

Resolution 54 nm. 

(The figures are reproduced from [161].) 

 Omono river virus. 

LCLS. 

Aerosol. 

[91]. 

CXIDB ID 56 

 

 

 

Size of the particles 35 – 300 nm. 

                                      20 nm 

 

Resolution 13.5 nm. 

(The figure is reproduced from [91].) 

Two-dimensional 

reconstruction. 

Projection methods [143]. 

Bacteriophage PR772. 

LCLS. 

Aerosol. 

[162]. 

Data collection [90]. 

CXIDB ID 58 

 

Size of the particle 70 nm. 

 

Resolution 9 nm. 

(The figure is reproduced from [90].) 

Three-dimensional 

reconstruction. 

Projection methods [143] 

Rice Dwarf Virus. 

LCLS. 

Aerosol. 

[78]. 

Data collection [77]. 

CXIDB ID 36 

 

Size 69–72 nm. 

 

Resolution 17.7 nm. 

(The figures are reproduced from [78].) 

Three-dimensional 

reconstruction. 

Projection methods [143] 
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Biological object. 

The place of the data 

collection, wavelength. 

The way of delivery of the 

object into the pulse. 

Reference. 

Code in the bank CXIDB 

[160]. 

Size of the object. 

The image of the object 

reconstructed by the authors. 

The estimation of the resolution 

calculated by the authors 

Comments 

Bacteriophage PR772. 

LCLS. 

[78]. 

Data collection [90] 

 

 

 

 

Size of the particle 67.5–70.5 nm. 

 

Resolution 17.7 нм. 

(The figures are reproduced from [78].) 

Three-dimensional 

reconstruction. 

Projection methods [143]. 

Bacteriophage  PR772. 

LCLS. 

[118]. 

Data collection [90] 

 

 

 

Size of the particle 68.5 nm. 

 

Resolution 9 nm. 

(The figure is reproduced from [118].) 

Three-dimensional 

reconstruction. 

Projection methods [143]. 

Melbourne virus (MelV). 

LCLS. 

Aerosol. 

[92] 

 

 

 

 

Size of the particle 230 nm. 

 

Resolution 28 nm. 

(The figure is reproduced from [92].) 

Three-dimensional 

reconstruction. 

Projection methods [143]. 

 

7. CONCLUSIONS 

In recent years, the approach of open scientific research and the creation of large scientific 

consortia that bring together specialists in various fields have become increasingly popular in 

many fields, including X-ray diffraction from a single particle. In the fall of 2014, at a 

conference at SLAC, more than 100 scientists announced the creation of an international 

consortium known as the Single Particle Imaging Initiative (SPI). A program was approved, 

the so-called “road map" [163]. The goal was to determine the structure of isolated biological 

particles at atomic resolution. Two years later, the consortium members published data 

collected for the rice mosaic virus with a resolution of up to 5.9 Å [77]. (The best resolution 
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for solved non-crystalline biological structures is currently estimated at 9 nm [162]). The data 

for the rice mosaic virus experiment, as well as for a number of other diffraction experiments 

with isolated biological particles, are publicly available in the Coherent X-ray Imaging Data 

Bank CXIDB [160]. There are also processing protocols for many experiments. The source 

codes of programs can be downloaded from Github, and one can also participate in their 

creation, i.e. the texts of software packages are created by researchers from different groups. 

Since the beginning of the European laser, this style of work, in large scientific associations, 

continues in this area [134]. The efforts of scientists from many countries are aimed at the 

improvement the methodology of the experiment at all its stages and solution of many of the 

fundamental problems described in this review. 

 
The research was carried out with the financial support of the RFBR in the framework of research 

project No. 19-14-50165. The authors are grateful to N. L. Lunina for her assistance in preparing the 

manuscript. 
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