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Abstract
We present studies of the consequences of simultaneous exposure of inorganic single crystals to radiation and water. The ®rst
case consists of a biomineral, CaHPO42H2O (brushite), which is a wide band gap, hydrated inorganic single crystal. We
examine the laser-induced ion and neutral emissions accompanying 248 nm excimer laser radiation. Both types of emission are
several orders of magnitude higher following exposure to 2 keV electrons at current densities of 200 mA/cm2 and doses of 102 to
103 mC/cm2. We show that the enhancements in emission are strongly correlated with e-beam induced morphology changes
(including recrystallization) on this unusual surface. We then examine similar effects on ``dry'' crystals such as NaCl and NaNO3
which are exposed to 10 5 Pa partial pressures of H2O. Again dramatic enhancements in radiation induced emissions are
exhibited along with the generation of unique morphological structures with nanometer scale dimensions.
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1. Introduction
When two stimuli are applied to a system simultaneously one always has the possibility of a synergism,
i.e. where the total result is greater than the sum of the
individual effects. We have shown in the past that such
synergisms arise when we combine exposure of materials to mechanical stress and electron beam irradiation (e-beam irradiation) [1,2], chemical exposure
and e-beam irradiation [3±7], electron and laser
beams [8±10], and mechanical and chemical stimulation [11±14], all of which are cloaked in what we
sometimes call our ``one-two punch''. Here we would
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like to examine the possible role water can play in
changing rates of radiation induced desorption and
decomposition on single crystals. For soluble inorganic materials, water can be considered somewhat
aggressive in that when sorbed on such a surface, the
oriented dipoles of the water can exert forces on
lattice ions/atoms and lower their binding energies.
This is particularly effective at defect sites such as
steps and kinks because these structures correspond to
lower coordination (therefore lower binding energy)
and water can better surround (solvate) the ions at
these sites. This results again in stronger forces and
lowered binding energies. In addition, many defects
on ionic crystals are chemically active and promote
dissociation of the water leading to sorbed H and OH.
Examples are MgO [15] and TiO2 [16] where anion
vacancies are shown to dominate the reactions.
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Very little work has been done on the in¯uence of
electron and laser irradiation on inorganic crystalline
materials that contain waters of hydration. Such structures are common in the environment as well as in a
number of biologically derived materials. The surfaces
of such crystals can be dramatically altered by UV and
electron irradiation. Single crystal CaHPO42H2O
(brushite) is a wide band gap, UV transparent, inorganic
phosphate biomineral with applications in dentistry,
medical implants, and prosthetic devices, as well as
serving as a possible target material for laser surface
modi®cation and pulsed laser deposition of biocompatible materials. Here we compare mass-selected measurements of laser-desorbed ions and neutral molecules
from as-grown or as-cleaved surface with measurements from electron-irradiated surfaces (2 keV electrons at current densities of 200 mA/cm2 and doses of
102 to 103 mC/cm2). As-cleaved brushite crystals are
transparent and quite resistant damage by 30 ns pulses
of 5 eV photons (KrF excimer laser, 248 nm). However,
prior exposure to the electron beam creates defects that
dramatically increase the surface±laser interaction and
the resulting ionic and neutral products.
Likewise, little work has been done on the in¯uence
of background water present during irradiation of
ionic crystals with electron and laser beams. We
present our results of such irradiation in background
pressures of water 10 5 Pa. Strong synergisms are
revealed and we suspect that water vapor is enhancing
defect moderated emission processes.
2. Experiment
Single crystals of monoclinic brushite were grown
from aqueous solutions of Ca(NO3)2 and NH4(H2PO4)
by slow diffusion in dilute nitric acid (pH 2±4) at room
temperature [17]. The resulting plate-like crystals
were stored in saturated solution and exposed to air
only when mounted in the vacuum chamber. As-grown
crystals and crystals cleaved minutes before placing in
the vacuum system showed very similar emissions. All
work on brushite was carried out at a nominal crystal
temperature of 25 8C. Melt grown single crystals of
NaNO3 were grown in our laboratory by heating
99.0% pure NaNO3 powder (mp: 306.8 8C) in air to
315 8C and then slowly, over a period of several
days, cooling it back down to room temperature.
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Transmission measurements obtained using a Lambda
900, Perkin-Elmer UV-Vis/NIR spectrometer, and a
400 mm thick melt grown NaNO3 single crystal, as
well as X-ray and ultraviolet photoelectron emission
experiments [18] resulted in spectra similar to those
reported in the literature [19±23]. Optical grade, high
purity NaCl crystals were purchased from Optovac
Inc. Both the NaNO3 and NaCl crystals were cleaved
in air before mounting in the vacuum system. The
cleavage process is known to generate signi®cant
densities of surface defects including vacancies, steps,
and kinks. The sample holder was capable of heating
the crystals to temperatures as high as 900 K.
The electron source was a Varian Model 981-2455
Auger electron gun operated at an electron kinetic
energy of 2 keV and a current density of 100±
200 mA/cm2. A Lambda Physik LEXtra 200 provided
30 ns pulses of excimer laser radiation at 248 nm (KrF).
The laser intensity was controlled with a MICROLAS
Laser systems variable attenuator. The laser beam was
focused by a quartz lens (focal length 35 cm) onto the
sample at an angle of 208 with respect to the surface
normal. Experiments were performed in a system with a
background pressure of 10 10 Torr. The emitted particles during both electron and laser beam irradiation
were detected with a UTI 100C quadrupole mass
spectrometer (QMS) mounted with its axis along the
surface normal. The QMS mass ®lter was tuned to a
speci®c mass/charge ratio and the output detected as a
function of time. Neutral particles were ionized by
electron impact in the QMS ionizer operated at
70 eV and 2 mA emission. The resulting ions were
drawn into the mass ®lter section, mass selected, and
detected with a Channeltron Electron Multiplier
(CEM). Measurements of mass-selected ion emission
were made by grounding the electron optics at the
entrance of the QMS (ionizer ®laments, grids, and
the focus plate). The CEM output was ampli®ed by
an Ortec Model 474 timing ®lter ampli®er (<10 ns rise
time), and then discriminated and counted by an EG&G
Model 914P Multiple-Channel Scaler.
For the laser desorption of ions, time-of-¯ight
(TOF) curves were ®t to Gaussian energy distributions
with one or occasionally two peaks, which, when
transformed into TOF-space, take the form


Amd 2
E md 2 =2t2 
I t  3 exp
(1)
t
2s2
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where d is the distance between the sample surface and
the CEM (28 cm), m the ion mass, t the ion time-of¯ight; E the mean kinetic energy, s the standard
deviation of the kinetic energy distribution; and A a
constant.
For neutral particles emitted in thermal equilibrium
from a surface at a temperature T, the time required to
reach the QMS ionizer is described by a ``half-range''
Maxwell±Boltzmann distribution. After accounting
for the time required for ions generated in the QMS
ionizer to pass through the mass ®lter, this distribution
takes the form


Z
am2 d2
mr2
I t 
r
exp
dV
(2)
x
2kTt2
2p kT2 t4 DV
where a is the ionizer ef®ciency, m the particle mass,
and k the Boltzmann constant. The integral is performed over the volume of the ionizer, DV, where r the
position vector (with origin at the sample) and rx the
component of the position vector normal to the sample
surface. Fits were performed only on the ®rst 500 ms of
data to avoid signals due to particles which have
bounced off vacuum system walls. With a beam block
between the sample and QMS ionizer, detectable
signals due to particles reaching the detector via
indirect paths were not observed during the ®rst
500 ms after the laser pulse. To minimize the contribution of ion emissions to the neutral signals at high
¯uences, a negatively biased needle between two
positively biased (or grounded) grids was positioned
in front of the QMS ionizer for some measurements.
3. Results and discussion
3.1. Brushite: laser-induced ion emissions
Ca is the principal cation observed from ascleaved samples, followed by CaO and PO. Electron-irradiated surfaces yielded these same ions, but
several orders of magnitude more intense; in addition,
electron-irradiated surfaces also yielded P. Fig. 1
compares the ¯uence dependence of the Ca, CaO,
PO emission intensities from as-cleaved samples
with those from the same samples after exposure to
electron doses of approximately 0.43 C/cm2. All signals show highly non-linear behaviors, with slopes (on
log±log plots) ranging from 4 to 10. Somewhat lower

slopes are observed after electron irradiation. As
reported previously for a number of ionic crystals
[24] and for brushite [10], the laser desorption of
positive ions is best described as a multiple photon
process (a sequence of excitations) [24±26]. In this
scenario, a sorbed adion is launched when a nearby
electron trap is emptied, leading to the Coulomb repulsion necessary to push the ion away. For adion-trap
separations on the order of one lattice spacing, we
estimate that 1±2 charges must be removed from the
trap to account for the observed ion energies. Defect
complexes are required to account for the emission of
molecular ions. P emission (Fig. 1(d)) is detected only
from electron-irradiated surfaces.
The Ca intensities from all samples are characteristically orders of magnitude higher than those of
CaO, PO, and P. Typical mean kinetic energies
for electron-irradiated brushite are: Ca: 6 eV; CaO:
1 eV; PO 3±4 eV and P: 5±6 eV. Thus the average
ion kinetic energy often exceeds the 5 eV photon
energy. Molecular ion emissions [27] from a number
of ionic crystals (e.g., MgO, NaCl, and NaNO3) show
non-linear ¯uence dependencies; further, the polyatomic ions display distinctly lower kinetic energies
than the atomic cations. These measurements were
made at ¯uences low enough to ensure that the
observed ions are emitted directly from the surface
and are not produced by ionization of neutral particles.
3.2. Effect of electron irradiation on the surface
Brushite has a layered structure consisting of alternating layers of CaHPO4 and H2O [28]. These layers
are parallel to the cleavage plane, allowing near-surface water to diffuse to the surface under vacuum
conditions. Electron-induced heating generates subsurface voids due to the expansion of water vapor.
These cavities serve as incubation sites for ef¯orescence [29±34] and recrystallization, resulting in the
growth of tiny platelets and feathery structures. The
rapid formation of these recrystallized structures is
expected to yield high defect densities.
Previous FT-IR and XPS observations [10,35] indicate that electron-irradiated surfaces are principally
composed of pyrophosphate (P2O74 ); exposed voids
are typically composed of recrystallized phosphate,
PO43 in contrast to both HPO43 and P2O74 . Large
delaminated areas are observed in SEM images of an
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Fig. 1. Fluence dependence of the intensities of the principal ion emissions from as-cleaved brushite: (a) Ca; (b) CaO; (c) PO; and (d) P,
before (open symbols) and after (®lled symbols) electron irradiation.

electron-irradiated surface, as shown in Fig. 2. Similar
structures are observed on the surfaces of brushite
crystals heated to 100 8C in air in an oven [36]. Images
taken at higher magni®cations (Fig. 2(b) and (c)) show
that many of these exposed voids are lined with small
plate-like crystals.
These rough, defect-laden surfaces are expected to
absorb strongly at the laser wavelength and yield
intense emission. The formation of P2O74 on the
HPO42 sublattice should result in high densities of
anion defects, such as HPO4 vacancies. These vacancies are similar to F-centers in the alkaline earth
oxides. P2O74 vacancies on damaged brushite surfaces are potentially more ef®cient electron traps than
HPO42 vacancies, being able to trap up to twice as
many electrons. P2O74 vacancies and related complex anion defects would serve as sorption and
emission sites, signi®cantly reducing the observed
``threshold ¯uences'' for ion emission from electron-irradiated surfaces.

In addition to thermally-induced changes, electron
irradiation produces additional chemical effects. The
production of P and P8 from electron-irradiated
surfaces, and their absence from as-grown and ascleaved surfaces, is strong evidence for chemical
reduction of surface species. The high electron and
excitation densities near the surface during electron
irradiation would naturally provide a strongly reducing chemical environment. A reducing environment
may also enhance P2O74 production, with the attendant emission of O2 (P2O74 can also be produced by
simple heating).
3.3. UV laser-induced neutral emission
One might expect water to be a major neutral
product from hydrated crystals. Following any reasonable pumpdown, however, the H2O signals accompanying laser irradiation at 248 nm laser are barely
detectable. The dehydration of the near-surface region
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Fig. 2. SEM micrographs of an electron-irradiated surface: (a)
entire irradiated region; (b) close up of exposed interior material;
(c) view of recrystallized material at a still higher magni®cation.
These rough regions are ``hot-spots'' for both ion and neutral
emissions due to high defect densities.

of the crystal is clearly evident in the background mass
spectrum. Thus the surface is presumably transformed
to CaHPO4; this transformation is supported by XPS
measurements on evacuated brushite samples [35].
Laser-induced neutral emissions on the resulting
surfaces are dif®cult to observe in the absence of

electron- or laser-induced damage. These samples
do show weak neutral O2 and some neutral Ca. The
latter signal typically depletes with repeated laser
pulses at modest ¯uences, indicating that the associated defect sites are destroyed faster than they are
created by the laser.
After electron irradiation at doses of 0.1±2.8 C/cm2,
laser irradiation produces neutral Ca, CaO, O2, PO2,
PO, and P emissions. Typical TOF curves for these
emissions, before and after electron irradiation, are
shown in Fig. 3. Electron doses and laser ¯uences were
not exactly the same for each species; at this stage we
are most interested in determining if the electron beam
in¯uenced the emission intensities which it clearly
does.
Electron irradiation increases O2 and Ca signals
more than an order of magnitude (at the same laser
¯uence). For a given laser ¯uence, the electron dose
required to achieve reasonable neutral Ca signals is
nearly an order of magnitude higher than for the other
species. The TOF curves (really, ``time-of-arrival'')
for Ca, CaO, PO, and PO2 are well ®t by Maxwell±
Boltzmann distributions. Atomic P emission curves
are generally too small for reliable curve ®tting. Curve
®ts for the four signi®cant neutral emissions are
shown in Fig. 4, along with the resulting ``best ®t''
temperatures. We wish to emphasize that on all ionic
crystals studied to date in our laboratory, the neutral
products all exhibit thermal behavior at wavelengths
corresponding to photon energies below the band
gap. Defects are the only reasonable absorbers to
initiate such a process.
Obviously, the temperature rise and fall accompanying the laser pulse is not constant in time. If, however,
the emission mechanism is thermal, the highest temperatures dominate, so that the range of temperatures
(and time) of signi®cant emission is rather narrow.
Consequently, the time-of-¯ight curves will correspond
to a d-function in time and a single temperature. The
good agreement among the four temperatures shown
here is consistent with thermal desorption from surfaces
with well de®ned temperatures.
3.4. More extensive electron beam exposure
By extending the time of exposure to the electron
beam to several minutes we found that the brushite
surface became even rougher. Close examination of
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Fig. 3. Neutral emission time-of-¯ight curves before and after a 0.8 C/cm2 dose of 2 keV electrons: (a) Ca; (b) CaO; (c) O2; (d) PO2; (e) PO;
and (f) P. The laser ¯uence for each species was chosen to produce signi®cant emission. Basically, at these ¯uences, no neutral emission is
observed without electron bombardment.

this surface showed us that in parts of the surface
where structures were in poor thermal contact with the
main crystal body (overhangs of the craters and the
platelets grown in the cavities), high aspect ratio cones
were generated. Typical images of these structures are

shown in Fig. 5. The cones are often 2±5 mm in length
and end with tips with radii on the order of 100 nm or
less. An important aspect of the mechanism for this
cone formation is revealed at places where one platelet
on the surface partially shields another from the
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Fig. 4. Neutral product time-of-¯ight signals from the same site and laser ¯uence for: (a) Ca; (b) CaO; (c) PO; and (d) PO2. Note that all of the
best ®t Maxwell±Boltzmann distributions correspond to similar temperatures.

electron beam. Such a region is seen in Fig. 6. In the
shadow, the original surface can be seen unaffected by
the beam. As one goes out from the shadow, the
current density increases continuously. The entire
exposed region is recessed relative to the unexposed
region and the cones are seen to be highest in the
weaker beam and lower in the region receiving the full
current density. This proves conclusively that cone
formation involves an etching process as opposed to a
growth process.
The heating of these structures that are poorly
attached to the bulk of the crystal is also an important
part of the mechanism. We hypothesized that the major
etching mechanism is a thermally assisted electronic
process, namely electron stimulated desorption/decomposition (ESD) [37±39]. With our mass spectrometer
(MS), we were able to measure the neutral gaseous
products generated during irradiation and found in

decreasing order of intensity: O2, P, PO, PO2, Ca,
and PO3. Assuming cosine angular distributions for
all of the emissions, the MS data could be quanti®ed and
integrated to provide a total loss of material during the
beam exposure. Estimates of the material volume lost
were made from the SEM photographs, such as those
above. Comparing these two measurements con®rmed
that the gasi®cation of the sample accounted for the
missing material.
To con®rm that heating was indeed important, we
mounted small ¯akes of brushite on a sample holder
that could be heated to 70 8C. Fig. 6(b) shows the
resulting cone formation on such a ¯ake (15 mm in
diameter). The dose used to generate these cones was
far smaller, 1/100th that of what was needed on the
bulk brushite surface. This is due to a dramatic
increase in the rates of ESD at elevated temperatures.
For simpler substrates such as alkali halides this
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Fig. 5. Cones formed by extensive irradiation of brushite cleavage
surfaces by 2 keV electrons (dose  2:5 C/cm2). The arrays of
cones tend to occur in rows along surface crystallographic
directions and the cones point in the direction of the incident
electron beam. They often have lengths of several microns and end
in radii 100 nm or less.

thermal aspect is understood (see later). For brushite
we are not yet sure what the thermally activated step is
that determines this behavior. Nevertheless, this simple experiment shows that steady state heating leads to
enhanced rates of cone formation. Note that again the
direction of the cone orientation is towards the incident electron beam.
The XPS and FT-IR studies mentioned earlier suggest that the outer regions of these structures are
reduced, tending towards dehydrated pyrophosphate.
This material is more robust and is likely to be more
resistant to decomposition. Furthermore, this happens
®rst on the outer most surfaces where more electron
density is received.
From the above observations we propose the following scenario for cone formation:

9

Fig. 6. (a) Cones generated on two overhanging platelets on bulk
brushite. The bottom sheet is shielded from the electron beam by
the overhang above showing that cone formation is an erosion
process rather than a growth process. (b) Cone formation on a small
¯ake of brushite (insert shows an irradiated ¯ake 15 mm in
diameter) attached to a heater. Irradiation was carried out at 55 8C;
the dose (and therefore the time) required to produce cones was
1/100 of that required on the bulk brushite surface.

(a) Initially, ESD on a nearly perfect substrate begins
to form point defects; aggregation of such defects
initiates a roughening of the surface.
(b) Through anion decomposition, the material towards
the top is more resistant to decomposition and can
form capstones that will cause strong heterogeneity
in etch rates favoring cone formation.
(c) Preferential etching occurs in the depressed
regions; charging of the top parts of the emerging
cones could also help channel electrons down
into the regions around the cones. Obviously, the
direction of the incoming electrons sets the
preferred regions that get etched the fastest, thus
the directionality of the cones.
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3.5. Adding water vapor to ``dry crystals''
We now consider the in¯uence of background water
in the vapor phase during irradiation of two inorganic
crystals not containing hydrated water, NaCl and
NaNO3. During e-beam irradiation at 10 7 Pa versus
10 5 Pa partial pressure H2O, signi®cant increases in
the ESD yields for these two materials was observed in
the presence of water vapor. We show this effect for
NaCl in Fig. 7, where we also varied the temperature
of the crystals. Both stimuli, particularly in combination, cause increases in the neutral species (Na, Cl, and
two isotopic masses of Cl2).
From the temperature dependence we can use
Arrhenius plots to determine an activation energy
(Ea), for each of the products. The ®ts are surprisingly

consistent and yield the same value for all of the
products, namely 0:075  0:01 eV. Similar measurements of intensity, ``wet'' and ``dry'' and versus
temperature have been carried out for the e-beam
products from NaNO3 and for 248 nm laser irradiation
of both NaCl and NaNO3. For illustration, in Fig. 8 we
show the Arrhenius plots for the laser-induced neutral
emissions at 60 mJ/cm2 ¯uence from NaClÐfor all
products and both wet and dry we obtain the same
activation energy as with electrons: 0.075 eV. The
NaNO3 activation energies are also constant for all
detected products and average slightly higher than for
NaCl, namely 0:09  0:01 eV. We have been able to
identify from the literature a process that corresponds
to the measured Ea for NaCl, namely a thermally
activated step in F-center formation. F-center formation

Fig. 7. The emission intensities of the neutral species seen from cleaved NaCl in 10 7 Pa background and in 10
temperatures ranging from 300 to 800 K. The presence of water can enhance the yields by as much as a factor of 6.

5

Pa water vapor for
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Fig. 8. Arrhenius Plots for the neutral species from 248 nm laser irradiated NaCl(1 0 0) at a laser ¯uence of 60 mJ/cm2.
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Fig. 9. SEM images of e-beam irradiated NaNO3 surfaces showing the diverse structures generated by 2 keV electrons (dose 0.9 C/cm2) in
2  10 5 Pa partial pressure of water vapor.

Fig. 10. Re¯ectivity vs. wavelength of the surface (gold coated) corresponding to the surfaces shown in Fig. 9. A white light image of the
surface is shown alsoÐthe black spot is the e-beam irradiated region.

J.T. Dickinson et al. / Applied Surface Science 208±209 (2003) 2±14

in the alkali halides in general and NaCl in particular
has been especially well studied (see [40]). A selftrapped exciton at a Cl site can decay to form an Fcenter/H-center pair (anion vacancy adjacent to a Cl2
center) when the Cl8 at the exciton site hops to a nearest
neighbor Cl site. This hop is thermally activated, with
an activation energy of 0.07 eVÐconsistent with the
0:075  0:01 eV activation energies observed here.
Finally, we show an example in Fig. 9 of the rich
topography generated on NaNO3 by extensive e-beam
irradiation in a background of 10 5 Pa water vapor.
This surface is highly light absorbing due to its
extremely high tortuosity (light cannot make it back
out!). We call it our ``stealth surface''. Even when gold
coated, the measured re¯ectivity in the electron-irradiated region is near zero from 500 nm down to below
200 nm (see Fig. 10).
4. Conclusion
We have shown how systems containing water of
hydration (CaHPO42H2O) or those with an af®nity
for water (NaNO3, NaCl) result in unique interactions
with electron and laser radiation. For brushite, the
waters of hydration strongly in¯uence the formation
of voids via thermally-induced segregation of water
resulting in fracture of the lattice. These voids form
incubators for ef¯uorescence-driven recrystallization. Further e-beam irradiation leads to nanometer
scale cone formation through extensive ESD driven
erosion. ``Dry'' (non-hydrated) crystals with some
af®nity for water show dramatic increases in sensitivity to both e-beam and laser irradiation at relatively
low (10 5 Pa) partial pressures of water vapor. Simultaneously heating the crystal enhances this process
for both types of radiation and exhibits the same
activation energies (Ea) for all the products detected.
In the case of NaCl, the value of 0.075 eV corresponds closely to the energy required for thermally
assisted F-center formation. Structures observed on
these non-hydrated crystals are noteworthy and span
a size range from several microns down to a few nm.
Accordingly, they form strong optical absorbers in
the visible and near UV. In general we anticipate
interesting consequences from continued studies of
combined exposure of surfaces to radiation and
slightly aggressive chemicals.
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