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Minimizing Transmission Electron Microscopy Beam
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Abstract: Electron beam damage is a significant limitation for transmission electron microscopy (TEM) studies
of beam-sensitive samples. An approach for studying surface reactions on alkali halide crystals using 200 kV
TEM is presented. Experiments were designed to monitor the reaction of NaCl crystals with HNO, gas followed
by water vapor to form solid NaNO,. During beam damage experiments, TEM micrographs record structural
changes to both NaCl and NaNO,, including dislocation loops, void formation, and decomposition. Sample
decomposition can be successfully minimized by a combination of commonly used techniques: (1) focusing the
beam adjacent to the area of interest, (2) lowering the electron density, (3) choosing to image larger (microm-
eter- versus submicrometer-sized) alkali halide crystals, and (4) lowering temperature by the use of a liquid
nitrogen cooling stage. From these results, additional studies were designed that monitored sequential experi-
ments. Sensitive micrometer-sized sodium chloride single crystals before and after exposure to nitric acid vapor
and water vapor and the subsequent growth of submicrometer-sized sodium nitrate single crystals could then

be successfully imaged using TEM.
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INTRODUCTION

Sodium chloride is the dominant constituent of sea salt
particles collected in the marine troposphere. There is an
estimated flux of 10'*~10"* kg of sea salt particles produced
annually from wave action (Blanchard, 1985). Sea salt may
be an important source of chlorine if sea salt reacts with
nitrogen oxides to produce significant amounts of gas-
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phase chlorine. In urban areas, pollutants produced from
automobile exhaust (i.e., nitrogen oxides) react with sea salt
particles which have been transported inland by local me-
teorological conditions (Sheridan et al., 1992; Shaw, 1991;
DeBock et al., 1994; Hidy et al., 1974; Martens et al., 1973;
Xhoffer et al., 1991). The reaction of sodium chloride with
nitrogen oxides is important to study because of the nega-
tive implications that gas-phase chlorine products may have
on atmospheric chemistry (i.e., ozone levels) (Finlayson-
Pitts, 1993; Finlayson-Pitts and Pitts, 1986). One relevant
reaction is:

HNO,(g) + NaCl(s) — NaNO,(s) + HCl(g) (1)
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which produces sodium nitrate and gas-phase hydrogen
chloride. Hydrogen chloride can combine with water in the
atmosphere or in other ways react to form chlorine atoms
(Graedel and Keene, 1995). Ultimately, through a series of
reactions, chlorine atoms in the lower atmosphere may raise
ozone levels (a component of smog).

The important hypotheses to investigate are: (1) wheth-
er the entire volume of sodium chloride crystals is available
for reaction, or (2) does the nitrate formed passivate the
surface of sodium chloride crystals, rendering the bulk of
the sodium chloride inaccessible for further reaction? If
only the sea salt’s surface is available for reaction, substan-
tially less chlorine will be emitted into the atmosphere,
compared with the entire volume available. Therefore, it is
important to find experimentally which hypothesis is cor-
rect to determine if sea salt particles could be a significant
source of atmospheric gas-phase chlorine.

The reaction in equation (1) was used as a model sys-
tem for TEM studies of the reaction of HNO; with NaCl
crystals. Electron beam damage studies were conducted to
establish experimental parameters to allow the successful
observation of the sodium chloride reaction after exposure
to nitric acid vapor and water vapor.

Several researchers have been conducting experiments
on the reactions of sodium chloride with nitrogen oxides
using other techniques such as diffuse reflectance Fourier
Transform infrared spectroscopy, Knudsen cell studies, X-
ray photoelectron spectroscopy, and flow reactors (Finlay-
son-Pitts 1983; Vogt et al.,, 1994a, 1994b; Leu et al., 1995;
Laux et al., 1994, 1996; Fenter et al., 1994; Karlsson and
Ljungstrom, 1995). Although these techniques have pro-
vided significant insight to the reaction mechanisms of
NaCl with nitrogen oxides, there still exist unanswered
questions (e.g., bulk versus surface availability). Comple-
mentary to these studies, microscopy techniques such as
TEM offer visual identification and phase information (us-
ing electron diffraction) in addition to compositional analy-
ses using energy dispersive spectroscopy (EDS).

Although TEM with EDS is an excellent analytical tool,
there are limitations associated with using electron micros-
copies for imaging electron beam-sensitive materials. Posfai
et al. (1995) have observed electron beam damage occurring
while imaging atmospheric particulate matter. Huang and
Turpin (1996) had significant problems with sulfate subli-
mation during electron beam exposures. There have been a
number of studies that clearly demonstrate the fragility of
alkali halides during electron irradiation. Previous TEM
studies of sodium chloride have shown electron beam dam-

age as evidenced by dislocations and voids (Hobbs et al,,
1993; Hobbs, 1974, 1976, 1979; Hibi and Yada, 1962).

With the above-stated difficulties, the use of TEM to
follow a reaction sequence might be considered unreason-
able. However, as shown here, a reaction sequence can be
studied successfully. Posfai et al. (1994, 1995), although
incurring difficulties, were able to identify by TEM major
species including NaCl, sulfates, and nitrates of aerosol par-
ticles collected. Huang and Turpin (1996) discussed a
method of reducing the effects of electron beam damage
when determining the elemental composition of individual
particles via EDS. To avoid sulfate beam damage, the sul-
fates were exposed to ammonia and converted to the more
electron beam-stable form of ammonium sulfate.

Because of the nature of our sequential experiments,
sodium chloride and sodium nitrate crystals in this study
were exposed to several doses of the electron beam. The low
melting point of sodium nitrate (m.p. 580 K, with decom-
position at 653 K [Lide, 1991]) was of greatest concern for
possible degradation. In preliminary studies, the sodium
chloride crystals (m.p. 1074 K) also showed signs of severe
electron beam—induced damage. These studies were under-
taken to elucidate void formation and sample decomposi-
tion control measures so that TEM could be successfully
used to follow the reaction of single-crystal NaCl with
HNO, vapor followed by H,O vapor by incorporating these
decomposition control techniques. By using various tech-
niques such as limiting exposure time, limiting electron
density, and avoiding focusing directly on the sample,
damage did not significantly alter the outcome of our se-
quential experiment. Chemical and physical reactions were
monitored without significant interference from structural
changes caused by the electron irradiation.

MATERIALS AND METHODS

Sodium chloride crystals were typically grown from a 0.2M
NaCl solution on a Pelco carbon-coated grid (either copper
or nickel). For each grid, two to three small droplets of
NaCl solution were initially placed on a petri dish. Wiping
of the grid over the droplets coalesced the drops underneath
the Formvar and carbon coating. The grids were then al-
lowed to “float” on top of the solution at ~298 K until
evaporation of the solution was complete (~30 min). Cubic
sodium chloride particles in the micrometer size range were
obtained by periodic agitation during the crystallization
process. The resulting crystals were utilized in the beam



damage experiments and for the reaction sequence com-
prised of exposure to HNO;,) and H,O).

All samples were studied using transmission electron
microscopy—energy dispersive spectroscopy (TEM-EDS) at
the University of California Irvine TEM facility in a Philips
CM20 TEM at 200 kV with an EDAX 9800. Electron beam
damage was monitored in several studies. In addition, the
experiments identified changes in the morphology and
composition of the sodium chloride after exposures to ni-
tric acid and water vapor.

For the electron beam irradiation experiments, the so-
dium chloride crystals were exposed to varying electron
densities at 200 kV with the TEM grids held at either room
temperature or at ~120 K, cooled with a liquid nitrogen
stage. For the reaction sequence experiments, NaCl crystals
were exposed to nitric acid vapor as a mixture in helium
inside an all-glass gas-handling manifold. Water vapor ex-
posures were carried out by exposure either to laboratory
relative humidity (RH) (during transport to and from the
TEM) and/or to the vapor pressure from a reservoir of
deionized water. Inside the all-glass manifold, water vapor
pressure was measured by two different Edwards high
vacuum pressure gauges (600AB transducer 1000 Torr
range with a Model 1500 electronic manometer and a
570AB transducer 1000 Torr range with a Model 1174 elec-
tronic manometer). The manifold RH was calculated from
the pressure measurements and the temperature. The rel-
ative humidity to which the sample was exposed (atmo-
spheric water vapor) was recorded by a Fisher Scientific
humidity/temperature meter (Digital Tachometer, Model
#11-88-6), calibrated against the National Institute of Stan-
dards and Technology Traceable Instrumentation with a
limit of error of +1.5% RH and +0.2 K.

In order to complete a series of four experiments on the
same particle with highly controlled atmospheric condi-
tions, we chose to conduct the experiment shown in Figure
6a—d during a low RH meteorological condition (Santa Ana
condition: local low RH weather phenomena that typically
persists in Southern California for 2-4 days several times
yearly). For reaction sequences described later in the dis-
cussion of Figure 6, the same NaCl single crystal was im-
aged. The electron beam was focused adjacent to the sample
and a relatively low electron density was used to inhibit
extensive void formation and sample decomposition. In the
process of transferring the grid to and from the TEM, it was
exposed to laboratory air where the RH was between 17%
and 24%. The sample was then exposed to flowing nitric
acid vapor outside the TEM (in a glass flow manifold), then
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Figure 1. Micrometer-size NaCl crystal near [111] orientation
showing high dislocation density after electron irradiation. Imaged
using a two-beam condition. No cooling, high-electron density.

imaged. The NaCl crystals were then exposed in the glass
flow manifold to a maximum RH of 71% for 2 min, then
placed in the TEM. It was then reacted a second time with
the same concentration of nitric acid vapor followed by a
RH of 45-56%. For more details on experimental expo-
sures, see Allen et al. (1996).

RESULTS

Figure 1 illustrates one of the results of beam damage—
characteristic dislocation loops. Tilted on one of its cubic
corners, this single crystal was irradiated with 200 keV (larg-
est condensor aperture, 200 pm, and 200 nm spot size) and
was imaged using a two-beam TEM condition. Electron
irradiation and subsequent aggregation of point defects
generated by electron radiation resulted in the density of
dislocations in this crystal.

Another sample is shown in Figure 2, a 0.2-pm diam-
eter NaCl cubic crystal with typical damage produced by the
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0.2 pm

Figure 2. A 0.2-pm NaCl crystal shows severe electron beam dam-
age and void formation. Sodium metal precipitate may have
formed on the NaCl surface (most obvious in the top portion of
the crystal). No cooling, high-electron density.

electron beam (largest condensor size of 200 pm, 145 nm
beam spot size). In Figure 1, a high dislocation density can
be resolved from the utilization of an appropriate two-beam
imaging condition. Images of Figures 2—6 were not at two-
beam conditions. Thus, dislocation loops are not visible in
these images, although inherent saturation of defects from
electron irradiation and the formation of dislocation loops
are expected to have occurred. Because of the small size of
the crystal in Figure 2 and the need to use a highly focused
beam in order to obtain sufficient image brightness at the
high magnification, this crystal showed degradation effects
(i.e., void formation and possible sodium metal precipita-
tion) within a few seconds with exposure to the electron
beam. Cubic-shaped voids have formed along the crystal
edges and precipitate of sodium metal may have formed
(visible on the upper portion of the crystal). The smaller
0.2-um size of this crystal shows more sensitivity to void
formation even at smaller beam densities (145 nm spot size)
compared with the larger NaCl crystal in Figure 1 (~1 pm
diameter).

To minimize heating and decomposition, the TEM grid
holding the NaCl crystals was held at 123 K using a liquid
nitrogen cold stage and the electron density was minimized
by reducing the electron beam spot size to 105 nm for
Figure 3a,b (145 nm beam size was used for Figure 3c,d).

The results are presented in Figure 3a—d. TEM irradiation
time between the first three images was 10 min. The fourth
image was observed less than an hour after the first image.
The sample was held in the electron beam for the duration.
By using these two important techniques, cooling and lower
electron density, this 0.4-um sodium chloride single crystal
did not show significant void formation until approxi-
mately 10 min after constant electron irradiation. This can
be compared with Figure 2 in which severe void formation
was observed after only a few seconds of electron irradia-
tion.

The results of imaging larger sodium chloride single
crystals at a lower magnification, but without cooling, is
shown in Figure 4a and c. Severe electron beam damage
occurred after a beam exposure time of 20 min (Fig. 4c).
The edges of this NaCl crystal appeared to rapidly sublime
and recondense in the TEM to form separate NaCl crystals
(or possibly sodium metal particles) with different orienta-
tions. The diffraction pattern originally showed only a [012]
single crystal pattern (Fig. 4b). After 20 min of electron
bombardment there are extra diffraction spots beginning to
form rings in the electron diffraction pattern (Fig. 4d), cor-
responding to a random orientation of NaCl or Na metal
crystals. The d-spacings of fcc NaCl and fcc Na are within
the measurement error and difficult to distinguish from one
another.

"Figure 5 shows that after NaCl is exposed to HNO; and
water vapor, small sodium nitrate crystallites are formed on
the edges of this sodium chloride host crystal (Fig. 5a). EDS
analyses were acquired for chemical identification. For EDS,
the electron beam was condensed in size to increase the
electron density, and it was maintained over the area being
analyzed until the EDS X-ray detection count was sufficient.
(The time considered sufficient varies from element to el-
ement, with the lighter elements such as sodium being
slower compared with chlorine because of sodium’s low
X-ray emission rate.) EDS did confirm the presence of Na.
The small NaNOj crystals on the surface of the NaCl were
significantly damaged during the EDS collection (Fig. 5b).
The sodium nitrate crystallite in the lower right corner
shows the outline of the round electron beam. Sodium ni-
trate decomposes readily and restructures to minimize the
surface energy upon continuous electron irradiation. Elec-
tron irradiation induces local heating which then increases
the mobility of the ions within the sodium nitrate lattice.
The smallest NaNO; crystals decomposed instantaneously
under electron beam exposure even though cooling tech-
niques were employed.
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Figure 3. a: This NaCl crystal was cooled via use of a liquid
nitrogen cold stage to 123 K and lens and aperture adjustments
minimized electron density. b: After 10 min electron beam expo-

A modified in situ experiment using TEM was com-
pleted, where imaging the sample at reaction intervals gave
a “snapshot in time” of the ongoing reaction. In the mi-
crographs presented in Figures 6a—d, particles were success-
fully imaged, removed from TEM, reacted, then located
again within the TEM using a combination of techniques.
The sample in Figure 6 was imaged at room temperature
with relatively low electron density, without extensive
sample decomposition. Focusing the electron beam adja-
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sure. ¢: After a total of 20 min electron beam exposure (lower
contrast is due in part to crystal bending and deviation in tilt). d:
After beam exposure approaching 60 min.

cent to the area of interest reduced the electron exposure
time and subsequent decomposition. Figure 6a shows that
crystal before any gas exposure or reaction. Figure 6b shows
the same crystal after exposure to a flow of nitric acid vapor
outside the TEM. The morphology has not changed in Fig-
ure 6b (compared with Fig. 6a), but after water vapor ex-
posure, Figure 6¢ shows that small crystals have formed on
the surface of the NaCl host crystal. Figure 6d shows that
after this second cycling of HNO; and then H,O vapor,
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Figure 4. a: Larger NaCl with orientation [012]. No cooling but tion pattern after 20 min beam exposure. Extra spots form ring-
lower magnification was used. b: [012] diffraction pattern of the like patterns around the transmitted beam (brightest spot) and
face-centered cubic NaCl. c¢: After exposure of 20 min. d: Diffrac- correspond to polycrystalline NaCl or possibly Na metal.
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Figure 5. a: NaCl host crystal with NaNO, crystallites before EDS
acquisition. b: After EDS acquisition using a condensed electron
beam. The arrow points to a sodium nitrate crystallite that has
partially sublimed and left the concave shape of the electron beam.
Cooling to 102 K but high electron density used.

even smaller crystals have formed in addition to the previ-
ously formed crystals on the NaCl host crystal. The se-
quence of nitric acid vapor followed by water vapor expo-
sure is critical to the formation of these small crystals on the
sodium chloride host crystal. EDS spectra did confirm the
lack of chlorine in the newly formed crystals.
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Previously, experiments were performed and reported
in which the sodium chloride crystals were not exposed to
electron irradiation prior to exposure to HNO; vapor and
H,O vapor (Allen, 1997). TEM images taken after the
chemical exposures showed the same phenomenon occur-
ring as that presented here in the sequential experiment
images (Fig. 6¢,d).

DiscussioN

Figures 1-5 demonstrate degradation effects that are caused
by TEM beam exposure. These figures also demonstrate the
importance of careful sample handling to reduce heating
and sample decomposition. Figures 1-6 show conclusively
that one can significantly reduce electron induced heating
and decomposition by incorporating the following tech-
niques: (I) focusing the beam adjacent to the sample, (2)
lowering the electron density, (3) choosing to follow the
reaction sequence of larger (>1 um) NaCl crystals, and (4)
lowering temperature by active cooling of the grid contain-
ment stage with liquid nitrogen. After comparison of expo-
sure parameters for Figures 1—4, it is clear that using larger
(>1 pm NaCl) crystals, low electron density doses and cool-
ing need to be employed in order to most effectively mini-
mize void formation and decomposition in NaCl. To follow
the reaction sequence shown in Figures 6a—6d, methods 1
through 3 were incorporated. Other experiments were suc-
cessfully performed by incorporating all four techniques,
but technique 4 increased the transfer time into and out of
the TEM from 20 min to several hours per transfer. This is
mainly due to the time it takes to warm the grid in UHV
from ~120 K to room temperature without heating the
sample prior to removing the grid from the TEM. The last
step is critical so that water condensation will not occur on
the grid, saturating the samples.

We present studies demonstrating the effectiveness of
careful sample handling. However, damage is unavoidable,
with dislocation formation being the dominant and imme-
diate discernible form of damage. Cooling and sample han-
dling techniques permit observation to take place while lim-
iting the sample decomposition. This is important when
following a sequential experiment such as that shown in
Figure 6.

As shown in Figures 1-5, electron beam damage
presents many difficulties when trying to image reactions
on alkali halides such as sodium chloride (and low melting
point crystalline solids such as sodium nitrate). Dislocations
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Figure 6. Successful reaction sequence using low-dose imaging.
a: NaCl single crystal before any reaction. b: The same NaCl crystal
after exposure to nitric acid vapor. ¢: After b was imaged, the NaCl
crystal was exposed to 71% relative humidity. d: The same crystal

and loop structures such as those observed in Figure 1 have
been previously observed and monitored in several studies
of NaCl (Hobbs et al., 1973; Hobbs, 1974; Makin, 1978;
Smiser and McGee, 1969). In Figure 1, we observe a net-
work of dislocations where some loop structures are visible.
Dislocation loops are formed from the aggregation of H-
centers (interstitial halogen molecules). The loops are in-
terstitial in character and correlate with H-center mobility
and density. Hobbs (1974, Fig. 34b) observed a dense dis-
location network formed from repeated loop intersections
on NaCl after very high electron doses, similar to that in
Figure 1.

after another complete cycle of nitric acid vapor and then water
vapor exposure (~50% RH). No cooling, but a low electron density
was used, and the electron beam was focused adjacent to the area
imaged.

Electron beam damage of alkali halides has been well
documented and the theory developed. A brief account and
simplistic view of the effects of electron beam damage is
presented here. For details, the reader is referred to the
literature (Hobbs, 1974, 1976, 1979, 1983, 1985, 1987; and
Catlow et al., 1980). Point defects occur immediately with
electron irradiation. Irradiation of sodium chloride initially
causes interstitials to form within the halogen sublattice.
F-centers are associated with the chlorine vacancies, and
H-centers with the formation of interstitial chlorine. Inter-
stitial molecules can then form (possibly Cl, or Cl;7). Point
defects will accumulate and nucleate dislocation loops. Even



at low temperatures (i.e., with liquid nitrogen cooling), the
aggregation of interstitial chlorine can form gaseous halo-
gen bubbles of Cl, and sample decomposition can follow by
the escape of chlorine gas. The resultant voids facet on {100}
planes (Hobbs, 1983, 1985; Hobbs et al., 1973). At higher
sample temperatures, higher mobility of the vacancies and
interstitials allows void formation to occur more readily. In
addition, colloidal sodium can be produced as a byproduct
from electron irradiation (Hobbs, 1974). In this case, dis-
location loops serve as a sink for vacancies, allowing colloi-
dal sodium to form.

Figures 1-5 illustrate many of the degradation effects
summarized: dislocation loops (Fig. 1), formation of voids
(Fig. 2) followed by sample decomposition (Figs. 2—4), and
in some cases, possible sodium metal formation (Figs. 2
and 4).

In Figure 4a—d, we observed disappearance of portions
of the NaCl crystal edges immediately followed by the ap-
pearance of irregularly shaped crystals. Observing the NaCl
crystal edges immediately before the disappearance of the
same edge areas can be compared with watching grease
splatter from an extremely hot frying pan. The disappear-
ance and reappearance of solid matter may be attributed to
the sublimation of the NaCl crystal edges followed by con-
densation to form separate randomly oriented NaCl or Na
metal crystals. Sublimation of NaCl has previously been
observed in TEM (Reimer, 1989). The NaCl crystals that
formed (Fig. 4c) show additional diffraction spots (Fig. 4d)
in a ring-like pattern that correspond to either the fcc NaCl
of fcc Na d-spacings. Previous studies by Diehl et al. (1990)
have shown that alkali earth fluorides become polycrystal-
line with electron irradiation, and with extended electron
exposure time, the diffraction spots multiply to form ring-
like polycrystalline patterns.

Figure 5b illustrates the effects of localized heating. The
thickness of the NaCl host crystal limits the ability to dis-
tinguish beam damage effects of this crystal. However, ob-
vious morphology changes to the sodium nitrate crystals
were observed. Even though the surrounding grid was held
at temperatures of 102 K, the lower melting point crystal
(sodium nitrate) decomposed. During this evaporation
(and decomposition), there was no detectable temperature
variation of the grid holding the crystallite. When a com-
paratively lower electron density was used, structural
changes of the sodium nitrate crystal were observed as com-
pared to sublimation. During EDS acquisition, a higher
beam density is required and therefore one would expect
increased temperatures and subsequent sublimation and/or
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decomposition of sodium nitrate. This phenomenon has
also been observed in atmospheric aerosol studies, where
accurate quantification is affected by electron radiation ef-
fects. In one such study, sulfate samples sublimed and re-
sulted in lower-than-expected elemental composition by
EDS analysis (Huang and Turpin, 1996).

Electron-stimulated emission of NO and O, with rela-
tively smaller emission of Na and NO, was observed by Shin
and co-workers (1995) from single-crystal NaNO;. Emis-
sion of H* was also observed and was attributed to inherent
hydroxylation of the nitrate groups. Sodium nitrate decom-
position was shown to occur in other such studies as well
(Aduru et al., 1986; Knutsen and Orlando, 1996). In agree-
ment with these results, we also observed decomposition of
the NaNO,. Posfai et al. (1995) also encountered beam
damage when viewing NaNO, particles and observed, as we
did, crystals changing their surface structure to an amor-
phous state from exposure to higher electron density doses
(Posfai, private communication).

The sequential experiment shown in Figure 6 illustrates
the successful application of TEM to obtain chemical reac-
tion information. Beam damage has occurred; however,
sample decomposition was minimized. This allowed the
continued monitoring of the reaction sequence. Previously,
X-ray photoelectron spectroscopy (XPS) experiments have
shown that a passivating nitrate layer formed initially on the
surface of NaCl single crystals after exposure to nitric acid
vapor (Allen, 1996). Water vapor exposure changed the
relative surface elemental composition, but there was no
clear explanation for this phenomenon. An explanation
consistent with the TEM studies is that water vapor expo-
sure facilitates the reorganization of the surface. It is also
important to note that similar results were obtained when
NaCl crystals were exposed to nitric acid vapor and then
water vapor without prior electron irradiation, proving that
the reorganization of the surface is not due to electron beam
damage (Allen, 1997).

SUMMARY

The formation of dislocation loops and voids was observed
when studying electron beam damage effects on NaCl.
However, by limiting electron beam damage in the TEM,
the imaging of alkali halide reaction sequences at 200 kV is
possible. The micrographs presented in this study have
shown that sample decomposition that occurs from elec-
tron beam exposure can be limited by (1) focusing the beam
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adjacent to the sample, (2) lowering electron density, (3)
choosing to follow the reaction sequence of larger (>1 pm)
NaCl crystals, and (4) lowering temperature by active cool-
ing of the grid containment stage with liquid nitrogen. Fur-
thermore, these studies indicate that a NaCl crystal can be
successfully imaged in a series of four reaction sequences
with minimal interference from sample decomposition. Us-
ing techniques 1-3, we were able to show that exposures to
HNO; and water vapor can lead to major reconstruction
and concurrent crystallization of NaNOj, on the crystal sur-
face. Consequently, a larger fraction of NaCl in the atmo-
sphere is available for reaction with atmospheric pollutants.
Studies conducted prior to our sequential experiment indi-
cate that electron irradiation damage has not substantially
influenced the surface chemistry. There is no passivation of
the surface once the reacted sample is exposed to water
vapor. Our TEM results show that the sodium chloride
continually renews its surface once the NaCl surface has
reacted and then has been exposed to water vapor. This
reorganization phenomenon suggests that sea salt can be a
significant source of atmospheric gas-phase chlorine, which
may detrimentally influence ozone levels. In addition, TEM
is shown to be an important complementary tool for use in
studies of chemical reactions on surfaces.
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