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Here we describe the use of Rutherford backscattering spectrometry (RBS) to 
measure quantitative in situ elemental profiles with high depth resolution, 
online and nondestructively, in volatile substances (liquid and frozen acids, ice). 
Samples for analysis are held in a chamber with controlled temperature and 
partial pressures designed to match conditions for aerosols in Earth's atmo- 
sphere. This technique is demonstrated in studies of water solubility in sulfuric 
acid, hydrochloric acid (HCL) on ice surfaces, the formation of a HCi-hexahy- 
drate surface layer on evaporating HCI-doped ice, and the diffusion of water 
through this layer. 

The composition of liquid and solid aerosols 
has been studied by measuring changes in the 
gas flowing over model systems. Such a mass 
spectrometry-based approach leaves the very 
nature of the uptake mechanisms inside the 
condensed phase unexplored. Measurement 
of elemental or isotopic concentration pro- 
files below the surface of volatile materials 
would provide key data for understanding the 
microscopic mechanism underlying their 
physical chemistry. However, such measure- 
ments present a substantial analytical chal- 
lenge (1). The central property that distin- 
guishes high vapor pressure solids and liquids 
is the dynamic nature of their surfaces. For 
example, ice at -25?C sublimates -3 x 105 
monolayers/s, as calculated from its vapor 
pressure. Most modem profiling methods 
rely on either sputtering or ion energy loss to 
derive depth information. Sputtering methods 
cannot be applied to highly volatile samples 
because of the rapid redistribution that would 
occur on a freshly sputtered surface. Ion 
beam analysis might seem incompatible with 
the high vapor pressures associated with 
these materials. Here, we demonstrate that a 
simple modification of a conventional ion 
beam analysis chamber (2) allows these ma- 
terials to be studied. 

Rutherford backscattering spectrometry 
(RBS) is well described in the literature (3), 
so only a brief overview of RBS is present- 
ed here. For measurement of concentration 
versus depth by RBS, a sample is bombard- 
ed with ions (typically 2-MeV He+ ions) 
and the energy spectrum of backscattered 
ions is recorded. For a given target compo- 
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sition, the RBS energy spectrum is com- 
pletely determined by the He ion-target 
nucleus scattering cross section, by conser- 
vation of energy and momentum in elastic 
scattering, and by the energy loss (dEldx) 
of He+ ions penetrating the target material. 
Because of this simple physics, RBS spec- 
tra can be quickly and reliably interpreted 
in terms of target composition. 

At a scattering angle of 180?, the energy E 
of a backscattered ion is 

E = [(M, - M2)/(Ml + M2)]2 Ebeam (1) 

(3), where M1 is the mass of the nucleus of the 
projectile ion, M2 is the mass of the nucleus of 
the target atom, and Ebeam is the energy of the 
incident projectile ions. For a selected beam 
energy and mass, measuring the backscattered 
energy E determines the nuclear mass of the 
target atom, and hence its atomic number. The 
probability for such a scattering event is given 
by the Rutherford Coulomb scattering cross 
section for a wide range of projectile masses 
and energies. Hence, a thin target consisting of 
a series of masses Mi would yield a backscat- 
tering energy spectrum with a corresponding 
series of peaks with energy Ei given by Eq. 1. 
Measuring the number of events in each mass 
peak determines the composition of the target. 

Usually, targets are thick enough that the 
incident and backscattered ions lose substan- 
tial energy (4) as a result of inelastic interac- 
tion with the target electrons as they penetrate 
the target material. In this case, scattering by 
nuclei residing deeper in the target results in 
lower backscatter energy than that given by 
Eq. 1. The depth of this scattering event can 
be calculated from the tabulated values of the 
energy loss dEldx without further calibration. 
Thus, for thick targets the backscattered en- 
ergy spectrum is not a series of elemental 
peaks, but rather a series of elemental steps. 
The backscatter yield at a specific energy 
depends on the number of atoms present at a 

depth corresponding to this energy. Hence, 
often the raw spectrum can be qualitatively 
read as a concentration profile, with the high- 
est energy giving the surface concentration 
and lower energies giving concentrations 
deeper inside the sample. 

Three examples are presented to illustrate 
the method, the first of which is the uptake of 
water by H2SO4. A considerable fraction of 
the atmospheric aerosol consists of aqueous 
sulfuric acid droplets, whose surface proper- 
ties are of great interest for atmospheric 
chemists. For H2SO4 targets, a few drops of 
acid are spread on a fused silica plate (rough- 
ened by sandblasting), which sustains a liquid 
film in a vertical plane for many hours. This 
target must be kept in an ambient environ- 
ment with at least a few hundred pascals of 
water to ensure its long-term stability, be- 
cause H2SO4 in dry environments (such as 
vacuum) slowly decomposes into H,O and 
SO3. 

Figure 1 shows three overlaid RBS spec- 
tra recorded from a liquid sulfuric acid target 
bombarded with 2-MeV He ions. Spectrum 1 
was recorded with the target in relatively dry 
conditions; spectra 2 and 3 were recorded in 
more moist environments. As expected, all 
spectra show elemental steps for S and for 0. 

The approximate concentration of the cor- 
responding aqueous sulfuric acid solutions 
can be read directly from the spectra by ra- 
tioing heights (Hs) for sulfur to the height 
(Ho) for oxygen: Ns/fo - Hs/Ho(_-s) ) 
where zo and zs are the atomic numbers for S 
and 0, respectively, and Ns/No is the ratio of 
sulfur to oxygen. Using a more complete 
RBS analysis (3, 5) shows that these RBS 
data are in excellent agreement (within 1.5%) 
of the solubilities determined by thermody- 
namic models (6, 7) based on vapor pressure 
measurements. 

In addition, analysis of the RBS spectra 
further shows that the S/O ratio is constant to 
1% over the depth range profiled (0 to 6000 
A). This is consistent with Auger experi- 
ments (8) probing the first few layers below 
the surface (-20 A), which show no differ- 
ence in composition when compared to that 
of the bulk. However, sum frequency exper- 
iments (9) show that fewer water molecules 
(-10%) are present at the very first surface 
layer, an effect beyond the depth resolution 
(4) of our experiment. 

The second example is the study of the 
transport and location of Cl in ice. Diffusion 
kinetics and solubility of HC1 in ice have 
been studied by numerous methods. Howev- 
er, the diffusion coefficient for HCI in ice at 
185 K varies widely from D -- 1:0 cnrl s 
(10, 11) to D < 10-I6 cnmfs (12. 13). This 

discrepancy may be attributable to different 
experimental techniques and/or preparation 
of ice with different morphologies [polycrys- 
tallinity, purity at grain boundaries or at the 
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Fig. 1. Water solubility in aque-- 
ous sulfuric acid at T = -18?C. A 
(A) Normalized (to sulfur step) 
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= 77.1 10- 
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= 69.6 depth b_ , 
cn 

weight %, Cmode! 
= 69.5 weight 0 I ' I I I 

%. Spectrum 3 (triangles): 0.6 0.8 1.0 1.2 0 2000 4000 6000 
PHO = 18 Pa = 64.6 E [MeV] depth [A] 
weight %, cmode! = 6=.3 weight 
%. (B) Spectrum 1 converted to 
concentration (ratio of atomic sulfur to atomic oxygen) versus depth. Error bar in depth was estimated from detector resolution and scattering 
geometry (4); error bar in concentration was estimated from counting statistics. 

junctions where three grains meet (triple 
junctions), and porosity]. Using RBS for di- 
rect measurement of the chlorine diffusion 
profile in ice allows a direct measurement of 
both solubility and diffusivity. 

Polycrystalline ice targets containing C1 
were prepared by immersing the cooled sample 
holder into a water-HCl solution (14). The ice 
sample was then evaporated through a pinhole 
of known size, allowing calculation of the evap- 
oration rate. Because of the finite solubility 
(Henry's law constant H = nice/ngas) and diffu- 

sivity (D) of HC1 in ice, a steady-state HC1 
concentration profile forms near the ice sur- 
face. Given that the ice surface is moving 
with a known velocity c (due to evaporation), 
this profile can be modeled as 

n(x) = n(oo) + 4cHn(c) exp(-cx/D)/vgas 

(2) 
where n(x) is number density of chloride ions 
at distance x from the surface, and vgas is the 
velocity of the HC1 molecules in the gas 
phase (15). 

Figure 2 shows RBS spectra and deduced 
C1 profiles for samples prepared under two 
different conditions. Figure 2A shows a spec- 
trum from a sample held at 195 K made from 
a dilute HC1 solution. The dominant feature 
in the RBS spectrum is backscattering from 
oxygen in the bulk ice. The small peak at 
~1.27 MeV originates from scattering from 

two C1 isotopes, 35C1 and 37C1. Converting 
this high-energy region of the RBS spectrum 
into a C1 profile gives the result shown in Fig. 
2B. This profile is characterized by a surface 
peak and a long low-concentration tail ex- 
tending deep into the ice. Figure 2C shows an 
RBS spectrum from a sample made from a 
more concentrated HC1 solution. The concen- 
tration profile shown in Fig. 2D has the same 
basic features as that for Fig. 2A, except that 
the Cl concentration is much greater. It is 
characterized by a high concentration at the 
surface, slowly decreasing with depth. 

Fits to the data using Eq. 2 are shown as 
solid lines in Fig. 2, B and D. The diffusion 
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Fig. 2. (A) RBS spectra of HC[-doped ice, sample prepared from 0.022 mot % HCO solution probed 
at 195 K; the inset shows an enlargement of the spectra in the Ct region. (B) Mole fraction of HC[ 
versus depth converted from spectrum in (A). (C) RBS spectrum of a sample made from a 5.4 mot 
% HCI solution and probed at 205 K. (D) Corresponding depth profile. 

constant obtained from the fit of Fig. 2A is 
5 X 10-12 cm2/s < D < 3 X 10-11 cm2/s 
and the Henry's law constant 7 x 1010 < 
H < 3 X 1011, with the uncertainties arising 
mainly through the uncertainty in determin- 
ing c. The temperature dependence of the 
diffusion was evaluated between 195 and 220 
K, leading to an Arrhenius diffusion activa- 
tion energy of 14.9 ? 2.5 kcal/mol. These 
data agree favorably with recent laser desorp- 
tion depth profiling data (16), from which 
can be deduced a value ofD = 1.1 (?0.2) X 
110 cm2/s for 194.9 K and an activation 
energy of 15.3 ? 1.0 kcal/mol. 

Application of Eq. 2 to the spectrum shown 

in Fig. 2, C and D (high-doped ice) yields a 
diffusion constant of 4 X 10-9 cm2/s < D < 
1.6 X 10-8 cm2/s. This number is about a 
factor of 5 to 10 smaller than what is estimated 
for the diffusivity of HCl in a liquid (17). This 
supports the view that, with increased doping, 
the triple junctions of polycrystalline ice (18- 
20) containing a liquid HC1 solution become 
dominant for HC1 uptake. 

The third example involves the formation 
of HC1 hexahydrate (HC16H20)-coated ice 
and its evaporation. The target for this study 
was a three-layer sample consisting of HC1- 
doped ice between layers of pure ice mounted 
on a carbon substrate (21). Initially, the target 
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temperature was slowly raised from its dep- 
osition temperature until changes were first 
observed at T = 185 K. The sample was then 
held at this temperature, and backscatter 
spectra were recorded as a function of time. 

Backscatter spectra from the target as it 
was deposited and at two later times are 
shown in Fig. 3. The high-energy part of the 
spectrum reflects the Cl distribution in the 
sample. The temporal evolution of the target 
can be summarized as follows: 

The initial target composition was (3.2 
pLm H20)/(3.2 pLm 0.07 molar HC1)/(2.7 pm 
H20), as deduced from top spectrum in Fig. 
3A. Note that the Cl peak is not located at the 
surface but below. Also, no carbon signal 
appears at the surface, which indicates that 
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Fig. 3. RBS (3-MeV protons) spectra of a sam- 
ple consisting of a HCl-doped ice layer sand- 
wiched between two ice layers on a carbon 
substrate held at 185 K and evaporating into 
vacuum. Note the logarithmic scale of the or- 
dinate. (A) The sample at the start of the 
evaporation. (B) The sample after 30 min. (C) 
The sample after 60 min. At the Left are sketch- 
es of the composition of the sample at the 
corresponding time, analyzed from the spectra. 

the sample covers the substrate homoge- 
neously and not as separated islands. 

The spectrum shown in Fig. 3B was re- 
corded after holding the sample at 185 K for 
30 min. The overall ice is thinner as a result 
of continuous evaporation (see the extent of 
the O signal). Furthermore, the Cl is now 
located at the surface at a 1:6 concentration, 
which is the stoichiometry of the hexahydrate 
of HCl. This hydrate is known to be stable at 
this temperature (22). 

The spectrum in Fig. 3C was recorded 
after holding the sample at 185 K for 60 min. 
The hexahydrate remains at the surface, but 
the thickness of the underlying ice is reduced. 
Spectra recorded at later times show that 
eventually the layer of underlying ice com- 
pletely disappears, and then the hexahydrate 
evaporates. 

The coating of atmospheric ice particles 
with acid hydrates is a topic of great interest. 
Coating of ice particles with nitric acid tetrahy- 
drate (NAT) has been proposed as a mechanism 
enhancing stratospheric denitrification, which 
strongly influences ozone hole chemistry (23, 
24). In our experiment we can compare the 
evaporation rate (due to the continuous pump- 
ing) of the ice at the surface (41 ? 5 A/s) to that 
of the ice through the hexahydrate (29 + 6 A/s). 
This hexahydrate layer on top of the ice slows 
the evaporation rate of ice by only 30% (i.e., it 
is not a very effective coating). With the use of 
isotopically labeled water (180, 2H), it should 
be possible to study the mechanism of transport 
of water through the hydrate using nuclear re- 
action analysis (25). 

These three examples illustrate that RBS 
is a practical way to study near-surface chem- 
istry, and that its advantages (rapid, reliable, 
and quantitative without use of reference 
standards) still apply even in this context. 
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