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Direct visualization of radiation-induced
transformations at alkali halide–air interfaces
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Radiation driven reactions at mineral/air interfaces are important to the chemistry of the

atmosphere, but experimental constraints (e.g. simultaneous irradiation, in situ observation,

and environmental control) leave process understanding incomplete. Using a custom atomic

force microscope equipped with an integrated X-ray source, transformation of potassium

bromide surfaces to potassium nitrate by air radiolysis species was followed directly in situ at

the nanoscale. Radiolysis initiates dynamic step edge dissolution, surface composition evo-

lution, and ultimately nucleation and heteroepitaxial growth of potassium nitrate crystallites

mediated by surface diffusion at rates controlled by adsorbed water. In contrast to in situ

electron microscopy and synchrotron-based imaging techniques where high radiation doses

are intrinsic, our approach illustrates the value of decoupling irradiation and the basis of

observation.
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Reactions induced by ionizing radiation at material inter-
faces are important in many fields including atmospheric
chemistry1–3, nuclear reactor material design, radioactive

waste repositories4–6, dosimetry7, medical devices8,9, and space
science engineering10. Fundamental understanding of these sys-
tems often benefits from direct detailed observations under in situ
irradiation conditions in real-time to be able to infer impacts over
larger spatial and temporal scales9,11. The lack of such data is due
to the difficulty in simultaneously providing environmental
control and detailed characterization in a high-level radiation
field. The rise of novel in situ holders for electron microscopy,
and combined synchrotron-based microscopy and spectroscopy
have allowed for significant progress in this regard12–17. However,
persistent challenges include the fact that in most cases the
radiation environment and timescales achieved usually do not
represent that of the reaction of interest, and that the radiation
being used is often that necessary to make the measurement
itself14–16. New techniques in which the radiation environment is
flexible and decoupled from the measurement probe, particularly
at high resolution, would represent a new experimental paradigm.

Halide salts exhibit complex radiation-induced reactions, parti-
cularly in contact with ambient air where nitrogen and water
undergo radiolysis. This is particularly important for understanding
the impact of sea salt particles (NaCl, bromides, and iodides) on the
chemistry of Earth’s atmosphere, such as chlorine balance, ozone
levels, etc11,18–20. Earth’s upper atmosphere is constantly irradiated
by cosmic rays and energetic UV photons1–3 but it is poorly
understood how this catalyzes reactions in the lower atmosphere20,21

and to what extent this involves air/particle interfaces.
Radiolysis and UV photolysis of air produces a wide range

of short-lived, highly reactive intermediate species, ions, and
radicals22–29. When an alkali halide salt is irradiated in air,
nitrate of the alkali metal forms on the surface as shown by
infrared (IR) spectroscopy, X-ray diffraction (XRD), and chemical
analysis21,30–32. The most important radiolytic precursor for the
NO3

− ion is NO2 that is produced in air and subsequently reacts
with the halide19,20,30–33:

2NO2 gð Þ þMeX sð Þ $ NOþ þNO�
3

� �
adsð Þ

þMeX sð Þ ! NOX gð Þ þMeNO3 sð Þ
ð1Þ

where Me= alkali metal and X= halide.

This reaction is efficient, and hundreds of monolayer equiva-
lents of alkali halides are converted into alkali nitrates due to
desorption of the halogen from the lattice into the gas phase in
the form of volatile nitrosyl halide. Sub-micron-sized crystallites
on the surface of alkali halide crystals, attributed to these
radiation-induced nitrates, have been studied using electron
microscopy34. However, the evolution of the surface is complex,
involving adsorption/desorption, dissolution, migration, and
finally nucleation and growth of the nitrate phase. In such cases,
ex situ imaging, while informative and valuable35 makes it more
difficult to link material sources to sinks as the surface evolves.
Understanding these complex processes would greatly benefit
from developing the ability to visualize the mass transport
pathways (i.e., dissolution, nucleation, and growth) directly in situ
at the nanoscale.

Here, we achieve this goal using a novel atomic force micro-
scope (AFM) designed for this purpose, and present new insights
into the details of alkali halide surface transformation under
controlled irradiation conditions. Using our “radAFM”, we
examined potassium bromide (KBr) (100) surfaces reacting in air
and air/argon mixtures under controlled relative humidity (RH),
with ionizing radiation directed at the interface from underneath
the sample using a compact X-ray source (Emax= 20 keV). The
surface structural evolution was monitored with nanometer
resolution in situ under 18 kGy/h irradiation, using a combination
of topography, phase, and amplitude imaging to follow dissolving
step edges, evolving surface composition, and the nucleation and
growth of individual KNO3 crystallites. A variety of ex situ tech-
niques were also used to characterize the surface reactions.

Results
X-ray induced potassium nitrate growth. Prior to irradiation,
freshly cleaved KBr (100) surfaces are well-ordered with large
atomically-flat terraces truncated by linear to curvilinear steps
(Fig. S1). This initial topography turned out to be metastable in
ambient air, as sharp intersections of steps became rounded after
~1 h, likely due to water adsorption and consequential mild surface
reconfiguration (Fig. 1a and Fig. S1). This surface characterization
decoupled from irradiation as well as the effect of heating to 50 °C
overnight (Fig. S2), provide a baseline understanding of the KBr
surface devoid of irradiation. Our radAFM sample cell is configured
to control the local gas/liquid environment during irradiation

Fig. 1 Schematic of the KBr irradiation setup and proposed X-ray-induced reaction pathway. Freshly cleaved KBr (~3 × 3 × 1 mm) (a) is irradiated in a
controlled atmosphere (b). X-rays penetrate a 0.25mm polyethylene terephthalate (PET) substrate and react with air in a sealed reaction cell. Radiolitic
products are generated, including NO2, which react with the KBr substrate and result in the growth of KNO3 crystals. After irradiation with 400 kGy in an
Ar/air mixture, the resulting volume and morphology of KNO3 growth varies by proximity to the X-ray source (c).
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(see Supplementary methods). To first explore the effects of an
extreme total dose, samples such as these were irradiated with 20
keV X-rays inside the radAFM cell after 1 h of equilibration in a
given gas/humidity, and then imaged (Fig. 1b). A typical dose rate
in the cell was 18 kGy/h as measured with GafChromic dosimetry
films with total doses from 120 to 230 kGy. As a point of reference,
a typical dose rate for TEM is 5 × 106 kGy/h36, for X-Ray reflection
interface microscopy is 104 kGy/h12, and experienced by the
international space station is 10−8 kGy/h37, while total doses
expected for high-level nuclear waste repository materials over
10,000 years is 2 × 106 kGy38, and required for medical device
sterilization is 25 kGy39. After irradiation new island-like euhedral
crystallites consistent with KNO3 had formed on the surface,
bearing regular orientations consistent with heteroepitaxial growth
(Fig. 1c). The crystallite morphology included triangular, similar to
previous ex situ reports34, but also rhombic, needle-like, and
branched structures (Figs. 1c, S3). The morphology observed for a
given condition expressed a dependence on position relative to the
X-ray source, Table S1. Unexpectedly, post-mortem characteriza-
tion of this product phase showed it to be the γ KNO3 polymorph, a
ferroelectric material, using ex situ IR spectroscopy (Fig. 2a),
NanoSIMS (Fig. 2b), and µXRD (Fig. 2c), see Supplementary
Methods KBr/KNO3 analysis. A Pawley fit of the γ KNO3 XRD
peaks resulted in lattice parameters of a= 546.6(2) nm and c=
900.8(4) nm which are within experimental error of the reported
values for the bulk compound40. This indicates that although the γ
KNO3 crystals are epitaxially aligned to KBr, they are not coherently
strained to the substrate since the lattice mismatch is −7% and
+17% in orthogonal directions along the substrate surface. This is
discussed further in the SI and Fig. S4. As far as we are aware, this
polymorph does not form under ambient conditions41,42, suggest-
ing the possible importance of heteroepitaxial strain and/or surface
electric fields in determining its structure42,43. On the KBr surface,
the ferroelectric properties of these product crystallites were readily
evident by AFM using piezoresponse force microscopy (PFM), and
magnetic force microscopy (MFM) which revealed significant
magnetic susceptibility consistent with γ KNO3 (Fig. S5) albeit
previously documented only for crystallites less than 30 nm in
diameter43,44. Hence the radiation-induced chemistry examined
here appears to provide a novel pathway to γ KNO3.

With increasing distance from the center of irradiation, surface
coverage and crystallite size decreased, and crystallite morphology
changed (Figs. 1c, S3). We believe this effect is primarily due to a
decreasing rate of production, and therefore available concentra-
tion, of radiolytically derived species as a function of lateral
distance from the X-ray source. To begin to understand the
radiation-induced source-to-sink mass transfer process, we
measured the total volume of KNO3 crystallites on the KBr
surface using AFM topography (Fig. 1c) and determined the
average number of KNO3 formula units per square centimeter
was 8.6 × 1015. This agrees remarkably well with the coverage
calculated under these conditions based on the expected amount
of nitrates produced due to air radiolysis: Given the known
radiation-chemical yield of NO2 measured during gamma
irradiation of air45,46 our X-ray dosimetry, and the stoichiometry
of Reaction (1), 3.2 × 1016 KNO3 molecules/cm2 should be
produced. Both estimates confirm that ~10–100 monolayers of
KBr were converted into KNO3 crystallites, which supports the
proposed mechanism of radiation-induced nitration of the KBr
surface.

Our ex situ studies also enabled us to assess the influence of gas-
phase composition on the surface nitration rate, which we explored
by controlling humidity and by diluting the air concentration with
Ar. The critical role of adsorbed water as a medium for mass
transfer was particularly evident. For example, KBr irradiated in air
under humid conditions resulted in a greater amount of KNO3

surface coverage than in ambient or dry conditions, likely due to an
increase in ion surface mobility under humid conditions47. Also, we
discovered that the KNO3 surface coverage did not change
significantly when irradiated in air or in a 99% Ar/1% air mixture,
under dry or humid conditions. This can be attributed to
participation of the Ar gas background as a sensitizer for radiolysis,
where rare gas ions enable efficient transfer of charge/excitation
energy to the molecules of interest22,46,48.

In situ observation of potassium nitrate nucleation and
growth. In situ AFM imaging during irradiation was then per-
formed to monitor the details of KBr surface dissolution coupled
to KNO3 nucleation and growth. Exclusion of water provided a

Fig. 2 Analysis of KBr crystals after irradiation confirm the presence of γ-KNO3. IR absorption bands at 1391, 1352, and 833 cm−1 of the irradiated KBr
were consistent with KNO3 powder standards and reported stretching and bending vibrational modes of KNO3 crystallites34,44. IR bands characteristic of
individual NO3

− ions, produced on X-ray and gamma-ray irradiated alkali halide surfaces in air21,22,30,34, were also present (a). Nano-SIMS analysis of an
irradiated KBr sample confirmed crystallites contain higher concentrations of NO3

− ions, and lower concentrations of Br− ions (b). The µXRD pattern for
the irradiated sample exhibited intense peaks corresponding to the KBr substrate and weaker peaks corresponding to surface growths, which were
identified as the trigonal, (also gamma or phase III) form of KNO3 (c). The lattice vectors marked in (c) are their projections in the plane of the figure.
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reference case for understanding the transformation rate arising
primarily from radiolytic NO2 production alone. This limits the
surface transport rate of K+ ions and mono-ions of NO3

−, which
have been shown to first form NO3

− clusters en route to crys-
talline KNO3

30–33,48,49. We observed that irradiation in dry air
produced the lowest coverage of KNO3 crystallites, and nuclea-
tion was first observed only in regions of high step edge density,
rich in defect sites, after a relatively high dose of ~230 kGy or
12.9 h of irradiation (Fig. 3a, b and Supplementary Movie S1–3).
Initial nuclei were anhedral round particles but quickly grew to
adopt an obtuse trigonal shape. Analysis of particle growth over
time for particles A, B1, and B2 revealed an average 2.7 nm/h
increase in height, a surface contact area growth rate of 5.1 × 104

nm2/h, and a total growth rate of 6.7 × 105 nm3/h (Fig. 3e–g, blue
traces). This constitutes ~8.6 × 106 KNO3 molecules attaching to
each crystallite per hour.

In contrast, in elevated humidity the KNO3 formation rate was
much faster. Irradiation of the KBr samples in an atmosphere of
99% Ar and 1% air with 60% relative humidity (RH) resulted in
nucleation after 124 kGy or 6.9 h of irradiation, which is nearly
half the dose required in the absence of moisture. Nucleation of
some particles again appeared to be initiated by defect sites in the
surface (Fig. 3c, d, Supplementary Movie S4–6). Growth rates in-
plane and normal to the surface clearly showed a dependence on
adsorbed water. For example, the vertical growth rate of some
particles was as low as for the dry air conditions, whereas the
lateral growth was often enhanced (Fig. 3e–g). Under these
humid conditions, the average height, lateral growth, and total
growth rate of a single crystal were 1.8 nm/h, 2.2 × 104 nm2/h,

and 1.3 × 106 nm3/h, respectively, constituting an overall KNO3

attachment rate of 1.5 × 107 molecules/h. Thus, the KNO3

attachment rate was ~74% faster in humid Ar/air, than in dry air,
in agreement with ex situ results.

KNO3 crystal growth resulting from irradiation was found to
be similar despite several differences in the cell configuration
under ex situ (quartz cover) and in situ conditions (slightly
reduced volume, silicon nitride tip, PEEK tip holder, and Viton
bellows above sample). This suggests that if there are gas-phase
chemical species generated from these materials during irradia-
tion, they have little interaction with the salt surface.

Dynamics at the interface. To better understand KBr dissolution
and the production of K+ source material for KNO3, we exploited
the ability of AFM to detect important physicochemical changes
in material properties. During KBr irradiation in dry air, phase
contrast data, an imaging channel that is sensitive to surface
hardness or viscoelasticity and tip/surface adhesion49–51, revealed
a consistent phase shift over the course of ~7 h (Fig. 4a, Sup-
plementary Movie S3). A positive phase shift (bright contrast),
initially ubiquitous on the KBr surface, gave way to a negative
shift (darker contrast, from 5.7 to 0.9 degrees lower) for the
remainder of the experiment. The onset of KNO3 crystal
nucleation was not observed until after this surface transforma-
tion was complete. This change in the surface property was not
observed for KBr irradiated in humid Ar/air (Supplementary
Movie S6). While phase contrast can be attributed to many fac-
tors, we hypothesize the phase shift, coincident with the

Fig. 3 Time-lapse analysis of X-ray irradiation-induced KNO3 growth on KBr measured by in situ AFM topography. KBr single crystals were equilibrated
for 1 h in 0.1% RH Air (a, b) and 60% RH 99% Ar/1% air mix (c, d) prior to irradiation at 18 kGy/h. Growth over time of individual KNO3 crystals shown in
(a–d) and ½ the value of (d) for comparison is measured by height (e), contact area (f), and volume (g). It should be noted that in the dry case the AFM tip
shape changed over time, creating a multi-tip artifact. After in situ imaging the tip was replaced to capture the artifact free morphology, a-b last frame.
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underlying topography and nucleation, observed under dry
conditions may be attributed to the accumulation of charged
nitrate species on the surface, which would affect the tip/surface
interaction and thus phase contrast, until a concentration
threshold is reached and a phase contrast that is similar to the
hydrated condition is observed and nucleation is possible.

Potassium bromide dissolution. Dissolution rates at step edges
were quantified and compared directly with KNO3 product
growth rates. In particular, in situ imaging of individual KBr step
edges, prominently detectable in the amplitude channel, allowed
their retreat to be clearly observed (Fig. 4b, Supplementary Movie
S5). In addition to step edge dissolution, occasionally dissolution
on top of terraces is also observed as an atomic step depression
that grows over time. These disk-like features seen on the KBr
substrate are distinct from the disk-like features of growth on
larger KNO3 crystallites (Fig. 4b, c). Due to the absence of these
disk-like dissolution features on KBr terraces after longer ex situ
irradiation experiments it is unlikely that these are a direct effect
of irradiation damage. Dissolution is likely associated with the
reaction of the undercoordinated KBr sites with adsorbing NO2

molecules to produce mobile KNO3 species. Freshly cleaved
unirradiated KBr surfaces observed over the same timeframe did

not show any dissolution (Fig. S1). Upon nucleation of KNO3 the
retreat rate of steps nearest the crystallites increases, as shown by
arrows 1 and 2, resulting in a “bowed” region of mass transfer
consumption around crystallites. These initial stages of nucleation
appeared to dictate the morphology of larger KNO3 crystals. As
the KNO3 crystallites reach a certain size, trenches formed in the
surrounding KBr that are deeper than the crystallites are high, as
shown by 3D and 2D topography (Fig. 4d, e). This dissolution
process is fundamentally distinct from dissolution in water or
irradiation-induced desorption under vacuum51,52. By measuring
step edge retreat rates, the rate of dissolution was compared with
the rate of crystallite growth. The average step retreat rates in the
region shown in Fig. 4b constitute 1.0 × 105 KNO3 molecules
released per hour in one square µm of the KBr surface. The rate of
KNO3 crystallite growth for this same region requires that 1.5 ×
107 KNO3 are incorporated per hour. Therefore, the K+ required
for the growth of a single KNO3 crystal can be accommodated by
the dissolution of a circular region with a diameter of ~13.6 µm.

Discussion
Collectively, our in situ study provides important new insight
into radiation-induced transformations of salt crystal surfaces
relevant to an atmospheric setting. The visualization data reveal

Fig. 4 Surface evolution of irradiated KBr observed by AFM phase and amplitude. Time-lapse AFM tapping mode phase images of X-ray irradiation-
induced KNO3 growth on KBr, after 1 h of exposure to 0.1% RH Air. A transition in composition at the interface of the dry substrate is observed before
nucleation begins (a). Time-lapse amplitude images of KBr irradiated after 1 h of exposure to 60% RH argon/air mixture reveal step edge dissolution (b).
Measurements of local step edge retreat rates (c), indicated by the base of arrows 1–2 in (b), reveal an increase in dissolution near KNO3 crystallites giving
rise to bowed step edges. Over time this increased local dissolution rate gives rise to depressed regions at the perimeter of KNO3 crystals, such as those
shown by 3D and 2D topography projections (d), and cursor profile (e) after long-term ex situ irradiation.
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specifically how the initial reaction between KBr and radiolytic
NO2 occurs preferentially along individual step edges. This is
followed by an accumulation of mobile KNO3 molecules until a
threshold is surpassed for KNO3 crystallite nucleation. We sug-
gest that this pre-nucleation step is sensitive to localized condi-
tions, including humidity, the flux of radiolytic reactants to the
surface, and gas-phase composition. After the onset of nucleation,
γ KNO3 crystal growth proceeds at a steady rate as KNO3

molecules accumulate and are incorporated into crystallites. A
linear growth rate is observed for irradiation up to 15 h, but only
after a certain induction period which results in the onset of
nucleation, thus the apparent kinetics are more complex. This
stable growth of the new crystalline phase is less dependent on
local conditions. It is likely that surface diffusion is the rate-
limiting step in the growth of KNO3 crystals, as deep trenches in
KBr around growing crystallites are indicative of a significant
gradient in KBr dissolution efficiency. Such observations are
likely generalizable to the complex interactions directing the
interfacial chemistry of alkali halide particles in air under the
influence of ionizing radiation. Prospects for future work include
developing the ability to specifically differentiate the roles of
atmospheric radiolytic reactants from the possible influence of
radiation-induced defects at the solid surface. The ability to
visualize radiation-induced processes in situ, for these systems
and beyond, provides a basis for better understanding the con-
sequences of ionizing radiation at interfaces and the development
of more accurate predictive models.

Methods
AFM/X-ray Integration. The irradiation AFM system utilizes an Asylum MFP-3D
AFM integrated with a Moxtek MAGPRO 60 kV, 12W X-ray source. Custom
radiation shielding was manufactured from ¼” Al sheets and is equipped with an
interlock system to ensure safe operation of the X-ray. The maximum X-ray output
of 12W at 20 kV and 600 µA was used for these studies. The X-ray dose rate was
measured by irradiating thin radiachromic films (HD-V2 GafChromic film,
International Specialty Products, Wayne, NJ, USA) placed in the same config-
uration as samples for short durations at varying outputs. The dose response was
calibrated to a set of films irradiated to a known dose using 137Cs (662 keV). The
true dose curve (in Gy) was used to extrapolate a dose rate at maximum power (12
W) of 17.7 kGy/h within the irradiated area. Over the course of hundreds of hours
of in situ X-ray irradiation of the AFM scan head no discernable degradation of
optical or AFM imaging quality was observed.

Samples were placed on the sample stage directly over the X-ray source in a
polyetheretherketone (PEEK) fluid cell that is modified with a clear 0.25 mm thick
sheet of polyethylene terephthalate (PET) as the substrate which reduces
attenuation of X-rays while providing adequate support and visual confirmation of
the X-ray position. The X-ray source/sample separation was minimized to less than
3 mm and aligned on the corner of the KBr crystal such that three fourths of the
beam irradiates the surrounding gas environment unhindered. A custom-built
quartz cover was used to seal the cell during ex situ irradiation experiments, while
Viton bellows and the AFM scan head seal the system during in situ irradiation
experiments. The gas environment within the fluid cell was controlled by a custom-
built mass flow control system which controls both flow rate and humidity.

KBr/AFM imaging. KBr single crystals (10 mm × 10 mm × 50 mm, International
Crystal Laboratories, NJ, USA) were cleaved to 0.3–0.5 cm2 immediately prior to
use. AFM imaging was conducted in tapping mode using a tip with a 40 N/m
cantilever (RTESPA-300, Bruker) using as small a drive amplitude as possible to
minimize tip/surface interactions. Images were processed using Gwyddion (v 2.55,
http://gwyddion.net/) to plane flattened and row aligned (median of differences or
polynomial 4) after masking crystallites. Time-lapse videos were made by creating
stacks in Image J (1.47 v, http://imagej.nih.gov/ij) and aligning by common fiducial
features (plugin: NMS_fixTranslation_ver1.ijm, 2014, Nicholas M. Schneider).

Data availability
The main data supporting the finding of this study are available within the paper and
its Supplementary Information file. Other relevant data are available from the
corresponding author upon reasonable request.

Received: 9 September 2020; Accepted: 5 March 2021;

References
1. Svensmark, H., Enghoff, M. B., Shaviv, N. J. & Svensmark, J. Increased

ionization supports growth of aerosols into cloud condensation nuclei. Nat.
Commun. 8, 2199 (2017).

2. Jackman, C. H., Marsh, D. R., Kinnison, D. E., Mertens, C. J. & Fleming, E. L.
Atmospheric changes caused by galactic cosmic rays over the period
1960–2010. Atmos. Chem. Phys. 16, 5853–5866 (2016).

3. Atri, D. & Melott, A. L. Cosmic rays and terrestrial life: a brief review.
Astropart. Phys. 53, 186–190 (2014).

4. Panno, S. V. & Soo, P. Potential effects of gamma irradiation on the chemistry
and alkalinity of brine in high-level nuclear waste repositories in rock salt.
Nucl. Technol. 67, 268–281 (2017).

5. Donker, H. & Celma, A. G. Saturation of radiation damage in natural rock salt
irradiated at moderate dose rate. Radiat. Eff. Defects Solids 139, 241–252 (1996).

6. Kuhlman, K. L. Processes in Salt Repositories, (M4SF-19SN010303035, U. S.
Department of Energy) http://kris.kuhlmans.net/papers/near-vs-far-field-
M4_final-SAND2019-6441R.pdf (2019).

7. Galante, A. M. S., Rzyski, B. M., Campos, L. L. & Villavicencio, A. L. The
response of potassium nitrate for high-dose radiation dosimetry. Radiat. Phys.
Chem. 63, 719–722 (2002).

8. Harrell, C. R., Djonov, V., Fellabaum, C. & Volarevic, V. Risks of using
sterilization by gamma radiation: the other side of the coin. Int J. Med Sci. 15,
274–279 (2018).

9. Levy, P. W. Radiation-damage studies on nonmetals utilizing measurements
made during irradiation. J. Phys. Chem. Solids 52, 319–349 (1991).

10. Melott, A. L. & Thomas, B. C. Astrophysical ionizing radiation and earth: a
brief review and census of intermittent intense sources. Astrobiology 11,
343–361 (2011).

11. Finlayson-Pitts, B. J. Chlorine chronicles. Nat. Chem. 5, 724–724 (2013).
12. Laanait, N. et al. X-ray-driven reaction front dynamics at calcite-water

interfaces. Sci 349, 1330–1334 (2015).
13. Hinks, J. A. A review of transmission electron microscopes with in situ ion

irradiation. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At.
267, 3652–3662 (2009).

14. De Yoreo, J. J. In-situ liquid phase TEM observations of nucleation and
growth processes. Prog. Cryst. Growth Charact. Mater. 62, 69–88 (2016).

15. Soltis, J. A. et al. In situ microscopy across scales for the characterization of
crystal growth mechanisms: the case of europium oxalate. CrystEngComm 20,
2822–2833 (2018).

16. Buck, E. C., Wittman, R. S., Soderquist, C. Z. & McNamara, B. K. Monitoring
bromide effect on radiolytic yields using in situ observations of uranyl oxide
precipitation in the electron microscope. RSC Adv. 8, 18227–18233 (2018).

17. Zhu, H. et al. Atomic origins of radiation-induced defects and the role of
lamellar interfaces in radiation damage of titanium aluminide alloy irradiated
with Kr-ions at elevated temperature. Acta Materialia 172, 72–83 (2019).

18. Knipping, E. M. et al. Experiments and simulations of ion-enhanced
interfacial chemistry on aqueous NaCl aerosols. Sci 288, 301–306 (2000).

19. Finlayson-Pitts, B. J. Reaction of NO2 with NaCl and atmospheric
implications of NOCl formation. Nature 306, 676–677 (1983).

20. Aplin, K. L., Briggs, A. A., Harrison, R. G. & Marlton, G. J. Measuring ionizing
radiation in the atmosphere with a new balloon-borne detector. Space
Weather 15, 663–672 (2017).

21. Aleksandrov, A. B., Vasil’ev, I. A. & Nechaev, A. F. Radiation-induced
formation of NO3

− centers in alkali halide crystals. J. Appl. Spectrosc. 27,
1618–1619 (1977).

22. Dmitriev, M. T. & Pshezhetskii, S. Y. Radiation oxidation of nitrogen:
sensitization of the nitrogen oxidation process based on nitrogen molecule
recharging with ions of noble gases. Zh . Fizicheskoi Khimii 35, 1010–1018 (1961).

23. Dmitriev, M. T. Monitoring ionizing radiations resulting from nitrogen
reactions. Sov. At. Energy 15, 709–716 (1964).

24. May, R., Stinchcombe, D. & White, H. P. The Radiolytic Formation of Nitric
Acid in Argon/air/water Systems Report No. AERE-R-8176(rev1), 25 (Harwell
Laboratory, 1992).

25. Reed, D. T. & Van Konynenburg, R. A. Effect of ionizing radiation on moist
air systems. Report No. CONF-871237-1, 14 (Argonne National Laboratory,
1987).

26. Willis, C., Boyd, A. W. & Young, M. J. Radiolysis of air and nitrogen–oxygen
mixtures with intense electron pulses: determination of a mechanism by
comparison of measured and computed yields. Can. J. Chem. 48, 1515–1525
(1970).

27. Harteck, P. & Dondes, S. Fixation of nitrogen by ionizing radiation as nitrogen
dioxide and nitrous oxide. J. Chem. Phys. 24, 619–619 (1956).

28. Harteck, P. & Dondes, S. Radiation chemistry of fixation of nitrogen. Science
146, 30–& (1964).

29. Pikaev, A. K. Modern Radiation Chemistry. Radiolysis of Gases and Liquids
(Nauka, 1986).

30. Jones, A. R. Radiation-induced reactions of potassium bromide with air.
Science 127, 234 (1958).

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-021-00486-2

6 COMMUNICATIONS CHEMISTRY |            (2021) 4:49 | https://doi.org/10.1038/s42004-021-00486-2 | www.nature.com/commschem

http://gwyddion.net/
http://imagej.nih.gov/ij
http://kris.kuhlmans.net/papers/near-vs-far-field-M4_final-SAND2019-6441R.pdf
http://kris.kuhlmans.net/papers/near-vs-far-field-M4_final-SAND2019-6441R.pdf
www.nature.com/commschem


31. Aleksandrov, A. B., Aluker, E. D., Vasiliev, I. A., Nechaev, A. F. & Chernov, S.
A. Introduction in Radiation Physics and Chemistry of Alkali-Halide Crystals
(Zinatne, 1989).

32. Sedov, V. M., Aleksandrov, A. B., Vall, A. I., Petrik, N. G. & Nechaev, A. F.
Nature of the radiation-stimulated nitration of a potassium chloride surface.
Pisma Zh. Tek. Fiz. 10, 310–313 (1984).

33. Gubareva, T. V. Modeling of Processes of Ionic Microcrystal Transformations
under High-Energy Activation in Natural Systems. Doctor of Sciences thesis,
National Research Tomsk Polytechnic University (2012).

34. Gubareva, T. V., Korobetskii, I. A. & Shudrikov, E. S. in Seventh International
Symposium on Atmospheric and Ocean Optics (eds Matvienko, G. G. &
Panchenko, M. V.) 544–549 (SPIE, 2000).

35. Husseen, A. et al. Reaction kinetics of ultrathin NaCl films on Ag(001) upon
electron irradiation. Phys Rev B 96, 235418 (2017).

36. Schneider, N. M. et al. Electron–water interactions and implications for liquid
cell electron microscopy. J. Phys. Chem. C. 118, 22373–22382 (2014).

37. Berger, T. et al. Long term variations of galactic cosmic radiation on board the
International Space Station, on the Moon and on the surface of Mars. J. Space
Weather Space Climate 10, 34 (2020).

38. Boizot, B., Petite, G., Ghaleb, D. & Calas, G. Dose, dose rate and irradiation
temperature effects in beta-irradiated simplified nuclear waste glasses by EPT
spectroscopy. J. Non-Cryst. Solids 283, 179–185 (2001).

39. ISO. Sterilization of health care products—Radiation—Part 1: Requirements
for development, validation and routine control of a sterilization process for
medical devices. International Organization for Standardization ISO 11137-
1:2006. https://www.iso.org/standard/33952.html (2006).

40. Freney, E. J., Garvie, L. A., Groy, T. L. & Buseck, P. R. Growth and single-
crystal refinement of phase-III potassium nitrate, KNO(3). Acta Crystallogr. B
65, 659–663 (2009).

41. Kumar, N. & Nath, R. Ferroelectric and electrical properties of potassium
nitrate thin composite layers. Adv. Mater. Res. 403–408, 607–617 (2011).

42. Scott, J. F. et al. Activation field, fatigue, and waiting‐time effects in KNO3

thin‐film memories. J. Appl. Phys. 62, 4510–4513 (1987).
43. Ota, D. O. Y., Uehara, M. & Kimishima, J. Ferromagnetism in mechanically

Milled KNO3. Trans. Mater. Res. Society Jpn. 39, 335–338 (2014).
44. Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination

Compounds 1–147, 149–354 (John Wiley and Sons, Inc., 2009).
45. Pshezhetskii, S. Y. & Dmitriev, M. T. Radiation Physico-Chemical Processes in

Air (Atomizdat, 1978).
46. Wood, C. J. & Mascall, R. A. Gamma irradiation induced isotope exchange in

nitrogen sensitized by helium, neon and argon. J. Chem. Soc., Faraday Trans.
1: Phys. Chem. Condens. Phases 71, 1678–1688 (1975).

47. Kirpal, D. J., Purckhauer, K., Weymouth, A. J. & Giessibl, F. J. Ion mobility
and material transport on KBr in air as a function of the relative humidity.
Beilstein J. Nanotechnol. 10, 2084–2093 (2019).

48. Peters, S. J. & Ewing, G. E. Reaction of NO2(g) with NaCl(100). J. Phys. Chem.
100, 14093–14102 (1996).

49. James, P. J. et al. Hydration of Nafion (R) studied by AFM and X-ray
scattering. J. Mater. Sci. 35, 5111–5119 (2000).

50. McLean, R. S., Doyle, M. & Sauer, B. B. High-resolution imaging of ionic
domains and crystal morphology in ionomers using AFM techniques.
Macromolecules 33, 6541–6550 (2000).

51. Pers, J., Barwiński, B., Grodzicki, M. & Ciszewski, A. AFM studies of pits
formation on KBr(1 0 0) during its dissolution by water. Mater. Sci.-Pol. 34,
863–867 (2016).

52. Such, B., Czuba, P., Piatkowski, P. & Szymonski, M. AFM studies of electron-
stimulated desorption process of KBr(001) surface. Surf. Sci. 451, 203–207 (2000).

Acknowledgements
Development of the RadAFM instrument was supported as part of the Laboratory
Directed Research and Development Nuclear Processing Science Initiative (NPSI) at the
Pacific Northwest National Laboratory (PNNL). KMR acknowledges support for his role
in data interpretation and manuscript development as part of IDREAM (Interfacial
Dynamics in Radioactive Environments and Materials), an Energy Frontier Research
Center funded by the U.S. Department of Energy (DOE), Office of Science (SC), Office of
Basic Energy Sciences (BES). A portion of the research was performed in the Environ-
mental Molecular Sciences Laboratory (EMSL), a national scientific user facility spon-
sored by the DOE Office of Biological and Environmental Research and located
at PNNL. PNNL is a multiprogram national laboratory operated for the DOE by
Battelle Memorial Institute under Contract No. DE‐AC05‐76RL0‐1830. We gratefully
acknowledge Sue B. Clark and Reid A. Peterson for their support of the radAFM
development.

Author contributions
K.R. conceptualized and commissioned the development of the radAFM. S.R., N.P., J.L.,
C.P., G.K., K.R. designed the instrument. S.R. carried out the radAFM, PFM, and MFM
measurements, and all authors participated in data analysis and interpretation. J.L.
carried out the IR spectroscopy analysis, M.B. carried out the µXRD analysis, J.C. carried
out the NanoSIMS analysis, M.M. carried out the dose rate analysis. All authors con-
tributed to manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-021-00486-2.

Correspondence and requests for materials should be addressed to S.L.R. or K.M.R.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign
copyright protection may apply 2021

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-021-00486-2 ARTICLE

COMMUNICATIONS CHEMISTRY |            (2021) 4:49 | https://doi.org/10.1038/s42004-021-00486-2 |www.nature.com/commschem 7

https://www.iso.org/standard/33952.html
https://doi.org/10.1038/s42004-021-00486-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Direct visualization of radiation-induced transformations at alkali halide–nobreakair interfaces
	Results
	X-ray induced potassium nitrate growth
	In situ observation of potassium nitrate nucleation and growth
	Dynamics at the interface
	Potassium bromide dissolution

	Discussion
	Methods
	AFM/X-ray Integration
	KBr/AFM imaging

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




