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Abstract

The response of solids to x-ray irradiation is not well understood, in part, because the interactions 

between x-rays and molecules in solids depend on the intra- and/or inter-molecular electronic 

properties of the material. Our previous work demonstrated that x-ray induced damage of certain 

ionic salts depends on the irradiating photon energy, especially when irradiated with photons of 

energy near the cation’s K-edge. To advance understanding of the cationic dependence of x-ray 

photochemistry, we present studies of x-ray induced damage of barium nitrate and strontium 

nitrate. Polycrystalline samples of barium and strontium nitrate were irradiated with high flux 

monochromatic synchrotron x-rays at selected energies near the K-edge of the respective cations. 

The damage processes were studied with powder x-ray diffraction, and irradiation products, NO2 

and O2, were characterized via Raman spectroscopy. Our results demonstrate that irradiating 

barium and strontium nitrate with photons of energy greater than the K-edge of the cation promote 

a higher rate of decomposition compare to that observed when irradiating with photons of energy 

below the K-edge. Additionally, differences in x-ray induced damage between the two compounds 

are examined and discussed, and evidence of the diffusion of irradiation products is presented. 
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Introduction

Understanding x-ray induced stimuli, both chemical and structural, is crucial to many 

interdisciplinary fields. In astrobiology, x-ray-induced chemical reactions in the interstellar 

environment may lead to the formation of recently observed complex organic molecules1. In 

nuclear physics and weapons design, limiting long-term x-ray damage is critical to ensuring 

longevity and proper performance of systems2-3. In biology, x-ray-induced reactions lead to loss 

of  functionality of biologically important molecules, particularly those containing metal centers4-6. 

In radiotherapy, x-ray-induced bond breaking reactions are employed to selectively kill cancerous 

cells7-8. Additionally, recent work in the developing field of useful hard x-ray photochemistry has 

shown that x-ray-induced chemical reactions can be harnessed and controlled to synthesize new 

compounds such as doped solid-CO9, a new type of CsO2
10, OF2

11, and possibly CsF2, and CsF3
12. 

Moreover, x-rays can be harnessed to produce simple molecules such as Cl2
13, O2

14, and even F2
15, 

in situ inside of diamond anvil cells (DACs) for study at high pressure and to serve as reactants 

for further chemical reactions. X-rays have also been employed to dope semiconductors such as 

WO3
16. Better understanding of the mechanisms of x-ray photochemistry will improve the 

synthetic and decomposition control so that x-ray damages can be mitigated, and useful reactions 

can be harnessed. 

Previous work has identified some of the characteristics of hard x-ray photochemistry, 

including a study of the products produced from the x-ray induced decomposition of barium and 

strontium nitrate17. However, to the best of our knowledge, no recent study has examined x-ray 

damage induced in solids by high flux sources such as synchrotrons. There is evidence, particularly 

from x-ray free electron laser (XFEL) experiments, that radiation-induced damage, when 

irradiating with high photon flux, is significantly different than with low flux18. Additionally, to 
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the best of our knowledge, few systematic studies have been conducted to characterize damage of 

solid materials as a function of irradiating photon energy19-20. Therefore, this study aims to 

investigate the radiation-energy-dependence of the damage process, and in addition, by 

comparison of x-ray damage induced in barium and strontium nitrates to ascertain cationic 

dependent aspects of the damage process.  

Barium and strontium nitrate are ideal materials for this study. Each has a simple cubic 

structure, space group Pa , with lattice constants 8.118 and 7.781 Å, respectively21. Barium’s K-3

edge is 37.414 keV whereas strontium’s K-edge is 16.106 keV22. The probability of a nitrogen or 

oxygen atom interacting with an x-ray of ~16 keV or 37 keV energy is very low, due to their small 

absorption cross sections at such high energies23. This aids in understanding the stimuli in these 

systems as we can assume that the primary interaction is between the x-rays and the heavy cations.  

It is known that interaction between x-rays and heavy cations triggers many possible electronic 

relaxation processes10, 24 that may lead to diverse results. By observing qualitative and quantitative 

differences between x-ray induced damage, we can offer insight into the mechanism governing 

high photon flux x-ray damage of ionic solids. 

Experimental Section

All experiments were performed at the 16-BM-D beamline of the High-Pressure Collaborative 

Access Team (HP-CAT) at the Advanced Photon Source. Symmetric style DACs, with culets of 

400-500 µm, were used in this experiment to provide a sealed and thermally conductive 

environment in which x-ray photochemistry could occur and be observed due to the optical 

transparency of diamond. Strontium and barium nitrate (99.0% and 99.9% Sigma Aldrich 

respectively) were separately loaded into stainless steel gaskets indented to ~30 µm and drilled on 
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the laser micro-machining system at HP-CAT25. Samples were pressurized to less than 0.5 GPa in 

all experiments. To expedite the loading of DACs inside a glovebox, gaskets were laser drilled 

with two or three sample chambers, each about 80 µm in diameter as displayed in Fig. 1. The 

sample chambers were symmetrically placed about the center of the diamond-diamond axis so that 

they pressurize similarly upon compression. A ruby sphere was loaded into each sample chamber 

for pressure measurements and no pressure transmitting medium was used. Upon pressurization, 

a pressure difference of 10-20% between sample chambers in the same gasket was measured26. 

The 16-BMD beamline provided monochromatic x-rays with tunable energies from 6-45 keV. The 

flux of the beam varies with energy - typically it is about 5×108 photons/s on the sample. The 

resolution of the monochromator also varies but it is better than ΔE/E≤10-3 for all energies 

studied27. X-ray flux was recorded by an ion chamber placed directly upstream of the sample 

and corrected for diamond absorption at different energies to determine the flux of photons 

incident on the sample at each energy. The X-ray beam was focused so that its FWHM was 

about 5×5 µm, though the beam profile varies as a function of energy as well. Powder X-ray 

diffraction (XRD) patterns were collected every minute over an hour of irradiation with a 

MAR345® image plate detector. The 2D diffraction patterns were reduced to  intensities as a 

function of 2-theta angles using the Dioptas® program28, which were then converted to 

intensity versus d-space plots via Bragg’s law. In-situ Raman spectroscopy was performed on 

samples at room temperature before and after an hour of irradiation to characterize the 

obtained irradiation products. 
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5

Figure 1. Samples of barium nitrate loaded in stainless-steel gaskets indented to ~30 µm and drilled on the 
laser micro-machining system. (A, B) pressurized in DAC, before irradiation, (C) pressurized in DAC after 
an hour of irradiation at 34 keV (top) and 36 keV (bottom), (D) after an hour of irradiation at 38, 40, and 
42 keV (clockwise from top left). Note the dark tint of light transmitted through the samples irradiated at 
higher energy.

Results and Discussion

Visual Evidence

Pictures of samples of barium nitrate pressurized in a DAC both before and after irradiation 

at various energies are presented in Fig. 1. After an hour of irradiation with higher energy (i.e. 

above the Ba K-edge) photons, light transmitted through the samples is tinted brown (see Fig. 

1(D)), however no change is observed at lower energies below the Ba K-edge (see Fig. 1(A, C)). 

The visible change of the tint of transmitted light through the sample is the first evidence that a 

reaction has taken place. The lack of visible changes to the sample when irradiating at energy 

below the K-edge of barium suggests that x-ray damage proceeds differently above and below the 

A B

C D
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K-edge. To further elucidate these differences, and to identify the irradiation products we 

investigated the samples via Raman spectroscopy.

Raman Spectroscopy

Fig. 2 displays in-situ Raman Spectra of barium and strontium nitrate before and after x-

ray irradiation at selected energies which are above or below the respective cation’s K-edge. The 

spectra of barium and strontium nitrate before irradiation both exhibit strong peaks at ~745  and 

~1055 cm-1 as well as a small shoulder at ~1400 cm-1 on the diamond peak (1332 cm-1), as 

previously reported29.  These peaks correspond to the in-plane bend, the symmetric stretch, and 

the antisymmetric stretch of the NO3
- anion respectively. Post-irradiation Raman spectra exhibit 

slight but critical differences when compared to pre-irradiation spectra. 

For both strontium and barium nitrate, Raman spectra obtained after irradiating with higher 

energy (above-K-edge) x-rays clearly show two new peaks at ~840 and ~1560 cm-1. These new 

peaks are much less apparent or non-existent in the low energy (below-K-edge) Raman spectra. 

The new peak near 840 cm-1 can either be assigned to the O-O stretch mode in a mixture of MO2 

and MO (M = Ba or Sr)30 or to the bending mode of NO2
- 17. The new peak around 1560 cm-1 can 

be assigned to the well-known O-O vibrational stretch mode in O2 
31. The appearance of these new 

peaks in the Raman spectra corroborate previous findings that irradiation of solid anhydrous 

nitrates leads to decomposition according to the reaction17:

  (1)2NO ―
3 →2NO ―

2 + O2

After the initial decomposition of the nitrate anion, the system is left in a highly-energetic, 

unstable state and further relaxation may lead to the creation of various molecular species 

including NO2, O2, MO, MO2, etc. that could not be distinguished based on Raman spectroscopy. 

Visual evidence suggests that one of the irradiation products is NO2 gas which is likely 
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responsible for the brown tint of light transmitted through the post-irradiation samples (see Fig. 

1(D)). The fact that the entire sample chamber exhibits the same visual change, despite the 

relatively minute (5×5 µm) x-ray beam incident on the sample suggests that the NO2, or other 

undetermined product, released upon irradiation is highly mobile under these conditions. A 

similar finding was reported for the mobility of oxygen upon irradiation of KClO4 
32.

Figure 2. Pre- and post-irradiation Raman spectra of (A) barium and (B) strontium nitrate. Note the 
appearance of new peaks in the higher-energy, post-irradiation spectra.

Figure 3. Pre- and post-irradiation diffraction patterns of (A) barium and (B) strontium nitrate. Patterns are 
stacked and colored by energy, and light colors indicate pre-irradiation patterns while dark colors indicate 
post-irradiation patterns. We observe three qualitative changes of peaks in diffraction patterns: integrated 
area changes, peak center shifts, and peak width changes.

A B

A B
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X-ray Diffraction

Fig. 3 presents in situ powder x-ray diffraction patterns obtained before and after irradiation 

for studied energies of (a) barium and (b) strontium nitrate. It should be noted that the diffraction 

peaks in the pre-irradiation patterns are already shifted to lower d-space by roughly the same small 

amount (~1% relative to the theoretical patterns). This indicates that the samples were all stressed 

to modest, similar pressures.  

Comparison of the diffraction patterns obtained before and after irradiation demonstrates 

the effect of x-ray induced damage. Subtle alterations of the post-irradiation diffraction patterns 

indicate physical changes of the samples. Three aspects of each diffraction peak appear to change: 

the integrated area of the peak, the position of the peak center and the full width at half maximum 

(FWHM) of the peak. However, the degree to which each of these parameters varies over the 

course of irradiation depends on the energy of the irradiating photons and on the sample itself. To 

elucidate these differences, we quantitively examine each of these features. 

To quantify changes of the diffraction peaks over the course of irradiation we fit each 

clearly distinguishable peak to a Gaussian and extract the integrated area, FWHM, peak center, 

and the error for each of these parameters33. Each parameter is normalized to its initial value for 

the given peak and energy, and the percent change as a function of fluence, is determined by:

     (2)"%Change of X"(F) ≡ 100% ∗ (X(F)
X(0) ― 1)   

This normalization is necessary to ensure that we are accurately comparing percent change when 

irradiating with different photon energies and when comparing parameters of different peaks. The 

data is presented as a function of fluence, rather than as a function of irradiation time, to accurately 

compare observed percent change when irradiating with different photon flux. 
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9

The first feature that we examined is the integrated area of diffraction peaks. Based on 

previous work on x-ray-induced decomposition of strontium oxalate20, a percent change of 

integrated area of a diffraction peak is indicative of  atomic dislocations in the crystal lattice, which 

result in reduced diffraction signal. We propose that the main driver of atomic dislocations in the 

studied systems is the decomposition of nitrate anion and subsequent relaxation and diffusion 

processes. As the decomposition process dislocates atoms from their stable lattice positions, 

diffraction peaks reduce in intensity. Thus, we quantify the decomposition yield (DY) of our 

sample as:

(3)DY(F) =  100% ∗ (1 ―
Peak Area(F)
Peak Area (0))

We calculated the DY for selected diffraction peaks and then averaged them to obtain the results 

presented in Fig 4. As we are averaging over diffraction peaks that represent different planes within 

the crystal lattice, it is possible that the change of integrated area of selected peaks will be different 

depending on the atomic configurations in Bragg planes. Therefore, when the average 

decomposition yields as calculated in Eqn. 3 results in a negative value of DY, we interpret this as 

indicative of a reordering of the powder crystalline lattices within the sample, as opposed to strict 

decomposition. This reordering leads to an increase of diffraction peak intensity and thus produces 

a negative DY.

When irradiating barium nitrate at energies (34 keV and 36 keV) below the barium K-edge, 

(see Fig. 4(a)) the average DY initially decreases providing slightly negative values and 

subsequently increases to modest decomposition yields (~ 5%). The initial decrease of DY 

suggests a reordering of the powder crystalline lattices. We suspect that this reordering is caused 

by x-ray induced relaxation of local strain initially introduced by uniaxial sample compression. 

Relaxation of strain and decomposition are then two competing x-ray induced processes that affect 
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the observed DY, and their interplay can be seen in the oscillations of DY. Above the barium K-

edge, the DY increases more dramatically, and maximum DY (~10%) is achieved when irradiating 

with photons of higher energy. A similar comparison can be made with strontium nitrate (see Fig 

4(b)).  When irradiating with photons of energy below the strontium K-edge (16 keV), the average 

DY is similarly modest (~5%). As in the previous case, when irradiating above the K-edge, the 

DY is higher. Both systems show that the DY is higher when irradiating with photon energy greater 

than the cation’s K-edge, which is in agreement with the previously reported study of x-ray induced 

decomposition of strontium oxalate20.

Figure 4. The average Decomposition Yield (DY) as a function of fluence for (A) barium and (B) strontium 
nitrate. The average is taken over selected peaks and the error bars indicate the standard deviation of the 
average.  
  

To gain further insight into the mechanism of x-ray induced damage, we studied the 

changes in FWHM of selected diffraction peaks. The factors that cause broadening of diffraction 

peaks can be divided into two main categories: instrumental and sample contribution. For our 

experimental setup the instrumental contributions are small (< 1%) and constant at each energy27, 

thus we can conveniently neglect them. The sample contributions to broadening can further be 

broken down into either size broadening or strain broadening factors34. Basically, smaller crystal 

A B
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11

grains and crystals that have greater inhomogeneous strain will give broader diffraction peaks. 

Thus, an increase in peak widths indicates either decreasing grain size or increasing 

inhomogeneous strain. These changes likely occur because of the production of mobile molecular 

species like NO2 and O2, which upon escaping from the crystal lattice can break apart large grains 

or leave voids that increase inhomogeneous strain in the sample. 

Fig. 5 displays the average changes in the FWHM measured over selected diffraction 

peaks. The effect of irradiation is significantly different in the two systems studied. In strontium 

nitrate (see Fig. 5(b)), irradiation leads to similar dramatic increase (~20-40%) of the final FWHM 

of peaks at all energies, except at 20 keV where the increase is even more dramatic (~90%). 

Whereas in barium nitrate (see Fig. 5(a)), irradiation below the K-edge leads to slight increase of 

FWHM (~5%), while irradiation above the K-edge leads to slight decrease of FWHM (~3%). 

Except for the 20 keV strontium nitrate case, the trend in change is opposite that found in the 

average DY. The irradiated samples were more decomposed above the K-edges while 

inhomogeneous strains were suppressed under the same condition. This further indicates that a 

localized process of relaxation of the strained lattice was triggered simultaneously with the 

radiation-induced decomposition process. 
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12

Figure 5. The average percent change of full width half maximum (FWHM) of peaks as a function of 
fluence for (A) barium and (B) strontium nitrate. The average is taken over selected peaks and the error 
bars indicate the standard deviation. 

The last parameter that we analyzed was the diffraction peak center shift. A shift of a 

diffraction peak indicates homogeneous strain34, which is characterized by a change of the unit 

cell lattice parameter(s). Since both barium and strontium nitrate have simple cubic structure, their 

unit cells are described by only one lattice parameter, a. For the cubic structure, the percent volume 

change of the unit cell can be calculated from the cubic d-spacing of a peak as: 

   (4)% Volume (F) = 100% ∗ (d(F)
d(0))

3

Figure 6. The average unit cell volume for (A) barium and (B) strontium nitrate as a function of 
fluence. The average is taken over selected peaks and the error bars indicate the standard deviation.

A B

A B
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13

Fig. 6 displays the average unit cell volume recorded over selected peaks at each studied 

energy as a function of fluence. For barium nitrate (see Fig. 6(a)) the unit cell volume 

monotonically decreases at all energies over the course of x-ray irradiation. Above the barium K-

edge the decrease of the unit cell volume is more dramatic than below the barium K-edge. A similar 

trend was observed in the case of barium nitrate DY as presented in Fig. 4(a). When irradiating 

strontium nitrate (see Fig. 6(b)) the unit cell volume initially increases slightly and then decreases. 

This effect appears most prominently when irradiating with 16 keV photons, but it is noticeable 

for all energies. Like barium nitrate, irradiating strontium nitrate above its K-edge leads to 

significant decrease of the unit cell volume, however irradiating strontium and barium nitrate 

below their respective K-edges yields significantly different responses. The reduction of unit cell 

volume observed upon irradiation corroborates the production of free molecular species as 

detected visually. Breakdown of the NO3 anion and subsequent escape of NO2 and/or O2 gas leads 

to decreasing volume. Due to the presence of a pressure gradient in the sample, free/mobile species 

such as O2 diffuse from the interaction region of the x-ray beam where they are created, as observed 

in Figure 1D. 

The similarities and differences between the results for barium and strontium nitrate may 

help to elucidate the mechanism of x-ray induced damage. Visual evidence, results from Raman 

spectroscopy, and analysis of XRD patterns (DY, FWHM, and unit cell volume) demonstrate 

cation-specific dependence of x-ray induced damages. The above-K-edge post-irradiation Raman 

spectra show new peaks that are not apparent, or much less significant, in the below-K-edge post-

irradiation spectra. From the XRD patterns, we observe that irradiation above the cations K-edge 

leads to greater decomposition, and more significant reduction in the unit cell volumes. These 
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results corroborate our previous findings of the energy dependence of x-ray induced 

decomposition of strontium oxalate20. However, the behavior of peak widths showed somewhat 

different and more complicated processes. The FWHM after above-K-edge irradiation showed 

reduced inhomogeneous lattice strains compared to that after below-K-edge irradiation, except for 

20 keV irradiation on strontium nitrate. These results, and the initially negative DY observed at 

low fluence, indicate a simultaneous local lattice relaxation process accompanying radiation-

induced decomposition. The trend of FWHM with increasing fluency also deviated for the barium 

and strontium nitrate cases, which we infer would be related to fundamental differences in unit 

cell packing or photon-atom interactions.

Over the course of irradiation, the FWHM of strontium nitrate peaks continuously increase, 

whereas the FWHM of barium nitrate peaks vary differently depending on the energy of x-ray 

irradiation (see Fig. 5), and they change less overall. We propose two plausible physical 

interpretations of this difference. First, since barium is larger than strontium, the unit cell packing 

of barium nitrate is less sensitive to the decomposition of the nitrate anion. Thus, as decomposition 

and diffusion proceed, there is less buildup of inhomogeneous strain in the barium nitrate unit cell, 

so diffraction peaks do not broaden as significantly. A second physical interpretation is that the 

absorption cross section of strontium at the studied energies is about two times higher than that of 

barium23. Higher absorption cross section suggests that the probability for strontium atoms to 

absorb x-ray photons at the studied energies is higher than that of barium atoms and possibly 

related to the higher rate of decomposition (Fig.4). The latter, in turn, may be related to the far 

enhanced FWHM changes in strontium nitrate with increasing fluency (Fig. 5), which further 

indicates the FWHM trend with fluency would be the result of competition of two opposing effects: 

generating new defects vs. relaxing local strains. It is an interesting point that radiation-induced 
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stimuli likely consist of both destructive and constructive processes that are in competition. Based 

on these preliminary results, further studies that can separate these competing effects may lead to 

further control of x-ray photochemistry, making it an even more powerful tool. 

Conclusion

We have performed systematic studies of x-ray induced damage of barium and strontium 

nitrate as a function of the energy of the irradiating photons. Comparison of pre and post-irradiation 

Raman spectroscopy, as well as visual evidence, indicate that, for both systems, irradiating with 

photons of energy greater than the K-edge of the cation leads to decomposition of the material and 

production of NO2  and O2 gas. Irradiating with photons of energy less than the K-edge leads to  

less significant decomposition and less or no production of NO2  and O2. Analysis of the XRD  

patterns obtained over the course of irradiation suggests that irradiating above the K-edge of the 

cations leads to larger decomposition yield and greater reduction of unit cell volumes, for both 

systems. These findings corroborate those in previous work, and further evidence the cationic 

dependence of x-ray induced damage of ionic salts. Furthermore, we have evidence that some 

irradiation products become highly mobile under the studied conditions and their diffusion may be 

directly related to changing aspects of x-ray diffraction patterns. Future studies will aim to use 

similar techniques to study molecular diffusion at extreme conditions. 

Additionally, comparison of the FWHM of diffraction peaks over the course of irradiation 

suggest that the cation’s absorption cross section and the photon flux of the irradiating beam play 

important roles in x-ray induced damage. It is strongly suspected that two independent, competing 

processes, i.e., decomposition and local strain relaxation, are simultaneously triggered by 

irradiation, and that these effects may exhibit different responses to changing cationic absorption 

cross section or photon flux. While this requires further investigation, we propose that we may 

Page 15 of 19

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

gain further control of x-ray induced processes by considering systems with cations of various 

absorption cross sections, or by modulating the photon flux of the irradiating beam This control 

will be critical to useful hard x-ray photochemistry, as well as myriad related disciplines. 
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