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X-ray radiation induced damage has been known for decades and has largely been viewed 
as a tremendous nuisance; e.g., most X-ray–related studies of organic and inorganic 
materials suffer X-ray damage to varying degrees. Although, recent theoretical and 
experimental investigation of the response of simple chemical systems to X-rays offered 
better understanding of the mechanistic details of X-ray induced damage, the question 
about useful applicability of this technique is still unclear. Here we experimentally 
demonstrate that by tuning pressure and X-rays energy, the radiation induced damage can 
be controlled and used for synthesis of novel materials. We show that powdered cesium 
oxalate monohydrate at pressure ≤0.5 GPa and under X-ray radiation at energies around 
K-edge of cesium undergoes molecular and structural transformation and that the final 
product exhibits a new type of crystal structure which previously has not been observed. 
Additionally, based on cascades of ultrafast electronic relaxation steps triggered by 
absorption of X-ray photons we propose a model explaining the X-ray induced damage of 
multitype bounded matter. 

Electronic excitation of atoms and molecules and subsequent relaxation processes are the main 
factors which cause X-ray induced radiation damage of matter1-6. Recent investigations of 
electronic decay processes induced by X-rays in loosely bound chemical systems demonstrated 
tremendous progress in understanding the sequence of events that leads to radiation induced 
damage1,7-11. Basically, absorption of an X-ray photon by an atom excites a K-shell electron to a 
bound state2,3 or removes it from the host to the continuum1 and initiates a cascade of relaxation 
processes. The origin and sequence of relaxation processes strongly depend upon the chemical 
composition and environment of the irradiated system10,12-14. Recently, the role of metal ions in 
X-ray-induced photochemistry has been studied from the theoretical point of view1. It has been 
shown that absorption of X-rays by microsolvated Mg+2 results in cascade of ultrafast electronic 
relaxation steps that include both intra- and intermolecular processes. At the end of this cascade 
the metal reverts to its original oxidation state whereas the surrounding environment becomes 
multiply ionized and contains a large amount of radicals and slow electrons. Such high capability 
of chemical systems to absorb X-ray photons which leads to distortion of molecular structure 
makes the study of these systems using X-ray crystallographic techniques problematic. Thereby, 
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understanding the mechanisms of X-ray induced damage and the possibility to control this 
damage will be extremely useful for: (i) understanding the response of chemical systems to 
ionizing radiation, (ii) development of novel synthetic methods to create unique and potentially 
useful materials, and (iii) enabling more thorough analysis of their properties. 
In spite of accumulated knowledge mentioned above, the X-rays properties in terms of material 
synthesis are still unclear. Moreover little is known about the role of high pressure and radiation 
energy in X-ray induced photochemistry. In what follows we present an experimental study of 
the X-ray induced chemical and structural transformation of powdered cesium oxalate hydrate 
(Cs2C2H2O5) at ambient and high pressure (≤0.5 GPa) by means of X-ray Diffraction (XRD). We 
found that X-rays with high pressure assistance opens new reaction pathways which differ from 
those activated by conventional methods15 and drives the synthesis of novel materials with the 
formation of unique crystal structure properties. Additionally, we propose a model of X-ray 
induced photochemistry that shows how the photoabsorption by metal species triggers the 
cascade of electronic relaxation processes which results in multiple ionization of surrounding 
environment, even in cases in which metal reverts to its original charge state before the 
absorption of an X-ray photon.   
Results 
To investigate the X-ray induced damage and role of high pressure we considered a powder of 
Cs2C2H2O5 as a studying system. Cs2C2H2O5 was loaded into a diamond anvil cell (DAC) and 
irradiated with monochromatic X-rays of selected energies which were above or below the K-
edge of cesium (35.987 keV)16 at ambient and at high pressure (≤0.5 GPa).  Fig.1a displays in 
situ XRD patterns of Cs2C2H2O5 at ambient pressure after varying X-ray irradiation times at 36 
keV. The first XRD pattern obtained during one minute of irradiation matches the previously 
reported monoclinic crystal structure of cesium oxalate hydrate17

 with C2/c space group (vertical 
bars in Fig1a).  Upon further irradiation, the XRD peak intensities decrease indicating distortion 
of electron density distribution (XRD patterns 5 - 40 min in Fig1a). Nevertheless, even after 40 
min of X-ray irradiation, the XRD peak positions do not change and no new peaks are observed 
demonstrating that X-ray exposed Cs2C2H2O5 at ambient pressure does not undergo any 
structural transformations. On the other hand, the picture dramatically changes when high 
pressure is applied. Fig.1b demonstrates the in situ XRD patterns of Cs2C2H2O5 at 0.3 GPa 
before and after different periods of X-ray irradiation at 36 keV.  It is evident from Fig.1b that 
after 2 min of X-ray irradiation, the peak intensities significantly decrease whereas the peak 
positions remain the same.  However, significant changes in the XRD pattern are observed 
immediately after the third minute of X-ray irradiation. Two peaks at 6.03º and 6.25º merge into 
one broad peak at 6.16º. Upon further irradiation up to 10 min, the XRD pattern changes 
completely. Many of the peaks observed in the initial XRD pattern disappear and a new peak at 
10.71º forms. These dramatic changes indicate that irradiated Cs2C2H2O5 at 0.3 GPa undergoes a 
significant structural transformation. Continued X-ray irradiation up to 40 min does not 
significantly modify the XRD pattern with exception of the formation of a new small peak at 



7.13º indicating that major structural transformation happen during first 10 minutes of 
irradiation.  
Our Raman spectroscopic studies showed that the final product after 40 min of X-ray irradiation 
at pressure 0.3 GPa consists of different types of cesium-oxygen based compounds15,18-21 (See 
Supplementary Fig.2). These are, cesium peroxide (Cs2O2)15,18, cesium superoxide (CsO2)15,18-21 
and cesium formate (CHCsO2)22. Based on these spectroscopic evidences, we propose two 
candidate structures to elucidate our final product. They are: a previously reported orthorhombic 
crystal structure of cesium peroxide23 with a space group Immm (blue vertical bars in Fig.1b) and 
a cubic crystalline structure of cesium superoxide24 with a space group Fm-3m using lattice 
parameter 7.84 Å (red vertical bars in Fig.1b). Both of these candidate structures contain peaks 
that are observed in the XRD pattern of X-ray irradiated Cs2C2H2O5 at 0.3 GPa and provide 
evidence for the final disposition and composition of our product. 
The next question we address in this Letter pertains to the energy dependence of X-ray 
irradiation induced damage6. Samples of Cs2C2H2O5 pressurized in a DAC up to 0.3 GPa were 
irradiated with X-rays in the 32 - 42 keV energy range with 3 keV steps. After 40 min of 
irradiation at each energy, the same crystal structure was obtained (Supplementary Fig.3) 
demonstrating that the structural transformation path does not depend upon the X-ray energy. 
Nerveless, to quantify X-ray induced structural transformations as a function of irradiation 
energy, we analyzed the change in integrated area underneath selected XRD peaks before and 
after irradiation. Fig.2a demonstrates selected XRD peaks in d-space of Cs2C2H2O5 before and 
after 40 min of X-ray irradiation. The transformation yield (TY) as function of X-ray energy is 
defined as 

𝑇𝑌 =  !"#$!"#$%⨯!""%
!"#$!"#

          (1), 

where Areaint and Areafinal are respectively the integrated areas of selected peaks before and after 
40 min of irradiation. The TY as a function of X-ray energy is presented in Fig.2b. As seen in the 
figure, the maximum X-ray induced chemical and structural transformation (78.7 %) is achieved 
when the samples were irradiated at 36 keV, which is slightly above the K-edge of cesium 
(35.987 keV) verifying that excited K-shell electrons play an important role in X-ray induced 
damage. 
Discussion     
To understand the nature of X-ray energy- and pressure- dependence of irradiation-induced 
damage discussed above, we propose a new model of X-ray induced damage in multitype 
bounded matter. Fig.3 displays the schematic representation of electronic decay processes 
triggered by absorption of one photon by cesium atoms with energies less than the energy of the 
cesium K-edge but higher than the energy of cesium L-edge. Absorption of an X-ray photon by 
one cesium atom excites a K-shell electron to a bound state2,3 and initiates a cascade of 
relaxation steps. There are three possible decay processes which compete with each other 
depending on the ionization potential of created exited states11: (i) Auger decay25 during which 
an  electron with a characteristic energy is emitted by Cs+ which, in turn, accumulates a positive 



charge Cs+2; (ii) intermolecular Coulombic decay (ICD)26 when an excited cesium atom decays 
by transferring its excess energy only to a loosely bound water molecule8 that would then emit a 
low-energy electron ((H2O)+); (iii) radiative decay during which the excited cesium atom decays 
via emission of characteristic X-rays (hν). After ICD or radiative decay, an excited cesium atom 
reverts to its original charge state, whereas Auger decay triggers additional cascades of  
relaxation steps to bring Cs+2 back to its initial charge state. These additional steps entail 
radiative decay and/or ICD2,3 which are then followed by electron-transfer-mediated-decay 
(ETMD). During ETMD, neighboring anions/molecules of (C2O4)2- or (H2O) donate electrons to 
Cs+2 and the excess energy ionizes the donor itself (ETMD(1)), or another molecule (ETMD(2)), 
causing the cesium atom to revert to its initial charge state, and ionizing the surrounding 
environment. The corresponding model changes when the X-ray photon energy is above the 
cesium K-edge. Fig.4 presents the schematic representation of electronic decay processes 
triggered by absorption of one X-ray photon by a cesium atom with energies slightly (10-100 
eV) or greatly (≥ 1 keV) above the cesium K-edge energy.  Absorption of an X-ray photon by 
one Cs+ removes a K-shell electron, promoting it into the continuum1,25.  This changes the charge 
state of cesium to Cs+2. The created photoelectron may secondarily ionize the surrounding 
environment depending on its energy27. The following chain of relaxation steps is similar to the 
previously discussed model with the exception of relaxation cascades paths followed after the 
first Auger decay. There are three possible ETMD channels following Auger decay: (i) a 
(C2O4)2- anion donates 2 electrons to Cs+3; (ii) an (H2O) molecule donates 2 electrons to Cs+3; 
and (iii) a (C2O4)2- anion and (H2O) molecule donate one electron each to Cs+3. In all cases the 
absorption of one X-ray photon by cesium cations completely changes the surrounding 
environment (i.e. ionized/destabilized neighboring molecules/anions which will likely 
decompose1, and a large concentration of slow or fast free electrons). Despite this myriad effects, 
structural transformations are only observed when high pressure is applied, verifying that 
reduced distances between molecules, even if they are already ionized, is a necessary condition 
for the formation of a new crystalline structure. Moreover, the TY maximum at X-ray energies 
slightly above cesium K-edge demonstrates that the concentration of slow photoelectrons is also 
a critical parameter in X-ray induced photochemistry. 
In closing, we note that most living systems largely consist of biological molecules and that there 
are many theories that some of them may have originated in outer space under mildly high 
pressure conditions with a low dose of x-rays over many millions/billions of years. We feel that 
this study may provide us some insights into the mechanism of formation of some important 
biologically-related systems within the deepest reaches of outer space. 

     
 
 
 
 
 



 
 

  

Figure 1| XRD patterns of cesium oxalate hydrate after different times of X-ray irradiation. a, 
Cs2C2H2O5 at ambient pressure; vertical bars indicate peak positions of the monoclinic crystal structure of 
cesium oxalate hydrate17

 ( the full assignment of XRD pattern is presented in Supplementary Fig.1). b, 
Cs2C2H2O5 at 0.3 GPa; vertical blue bars indicate peak positions of the orthorhombic crystal structure of 
cesium peroxide23 with a space group Immm, and vertical red bars correspond to the cubic crystal 
structure of cesium superoxide24 with a space group Fm-3m using lattice parameter  a = 7.84 Å. 
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Figure 2| Characterization of structural properties of irradiated samples after 40 min of X-rays at 
36 keV. a, XRD patterns of the final product and theoretically predicted crystal structure of CsO2;	vertical 
purple bars indicate peak positions of the orthorhombic crystal structure of cesium peroxide23 with a space 
group Immm	 	 and 	 vertical green bars correspond to the orthorhombic crystal structure of cesium 
formate[]??? with a space group	Pbcm. b, Theoretically predicted crystal structure of CsO2. Green and 
red spheres represent Cs and O atoms, respectively.  				



	 	

Figure 3| High-pressure assisted X-ray induced transformation yield (TY) of cesium oxalate 
hydrate. a, Selected area (in grey) is presented in d-space (1.63 - 5.66 Å) plot of XRD patterns before 
(initial) and after 40 min (final) of X-ray irradiation of Cs2C2H2O5 at 0.3GPa. b, X-ray induced TY of 
Cs2C2H2O5 at 0.3 GPa as a function of X-ray photon energy. 		

	

	

	



 

Figure 4| Schematic illustration of the electronic decay processes induced by absorption of one              
X-ray photon with energy less than K-edge of Cs but higher than L-edge of Cs by one Cs2C2H2O5 
molecule. After each relaxation step, the change of the molecular oxidation states with the type of excited 
free electrons is presented. Different colors correspond to different relaxation paths.		

	

	



 

Figure 5| Schematic illustration of the electronic decay processes induced by absorption of one          
X-ray photon with energy slightly or far above the K-edge of Cs by one Cs2C2H2O5	molecule.	After 
each relaxation step, the change of molecular oxidation states with the type of excited free electrons is 
presented. 2ETMD represents the relaxation process during which the (C2O4)2- or (H2O)-molecules 
donate two electrons to Cs+. ETMD(x)A represent the relaxation process during which molecule A 
donates an electron to Cs+, and the excess energy is used to ionize the donor itself (x=1) or another 
molecule (x=2).    			

 

 



Methods  

Experimental details. All experiments were performed at the 16 BM-D beamline of the High 
Pressure Collaborative Access Team (HP-CAT) at the Advanced Photon Source. A tunable Si 
(111) double crystal in pseudo-channel-cut mode was used as a monochromator to filter “white” 
X-ray radiation and supply X-rays of fixed but settable energies. A symmetric-style diamond 
anvil cell (DAC) with 250 µm thick stainless-steel gaskets was used to confine and pressurize 
samples of powdered Cs2C2H2O5. The diamonds utilized each had culets ~300 µm in diameter. 
All Cs2C2O4 samples (Sigma-Aldrich, purity > 99%) were loaded inside a glove box into a ~140 
µm diameter hole that was drilled via electric discharge machining in the gasket center that was 
pre-indented to ~40 µm thickness. Due to the high reactivity of Cs2C2O4 with moisture all 
investigated samples contained water molecules and every sample was identified as Cs2C2H2O5. 
A ruby ball was loaded with each sample for pressure measurement purposes to ensure that the 
sample remained at ambient pressure or pressurized at pressure ≤0.5 GPa. No pressure-
transmitting medium was used in the experiments. All samples were irradiated with X-rays 
ranging in energy from 30 to 42 keV for 40 min at each energy. The horizontal and vertical full 
width half-maximum (FWHM) of the X-ray beam varied from 3.5 - 4.2 µm as the energy of the 
beam changed. Angular-dispersive X-ray diffraction patterns were collected every minute using 
a Pilatus® 1M pixel array detector. Note that between each minute of X-ray irradiation there was 
a 1 min gap which is the time required for the software to transform and save collected data. The 
diffraction patterns were integrated in 2-theta using the Dioptas® program, to produce intensity 
versus 2-theta plots. Raman spectra of samples confined and compressed in DAC at room 
temperature were measured using an ISA HR460® spectrometer with a Peltier-cooled CCD 
detector (Andor® 1024x128 pixels). An Ar ion multiline laser tuned to 532 nm served as the 
excitation source. 
 
Data availability.  The data supporting the findings of this study are available from the 
corresponding authors on reasonable request. 
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