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Introduction
Climate change is a important matter which sparks a lot of research in different fields. Figure 1 is taken from the latest report of the IPCC (Intergovernmental Panel on Climate Change) and shows some of the major factors
influencing radiative forcing. Among these, the contribution from aerosols,
i.e. a suspension of fine solid particles or liquid droplets in air or gas, exhibits
the largest errors bars. These errors induce a huge uncertainty into climate
models.

Figure 1: Figure from the 2013 IPCC report.
http://www.climatechange2013.org/
One important kind of natural aerosol is the sea spray. Naturally produced by waves through bursting bubbles, the particles rise in the air and,
as the relative humidity drops in higher altitudes, the particles get dry. One
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pressing research question is if there is crystalline water is those dry particles
and if it changes their structure. The presence of crystalline water would
change their hygroscopicity and thus their ability to act as cloud condensation nuclei.
Because the sea spray is very complex, we have chosen a model system, using
only Sodium bromide (NaBr) and Sodium iodine (NaI).
I helped Isaak, Clara and Eetu to conduct X-ray photoelectron spectroscopy
on aerosol particles produced from either aqueous NaBr or NaI solution. During our experiments, we were focusing on spectral satellites from Br3d or I4d
photoelectron peaks, a feature introduced in section 3.5.
All measurements have been carried out at the beamline PLÉIADES at the
synchrotron light source SOLEIL, near Paris in France.
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Theory

The technique used here is the X-ray photoelectron spectroscopy (XPS). To
understand it, one first needs to understand the principle of photoelectric
effect. This effect explained by Albert Einstein in the early 20th century, is
the emission of electrons (photoelectron) by a material when this one is hit
by a beam of light, i.e. photons. This effect is also called photo-ionization
(see figure 2).

Figure 2: Principle of XPS
http://www.texample.net/
The XPS [3] technique measures the kinetic energy (KE) and the number
of electrons emitted after the photo-ionization of a material. It’s possible
to determine the binding enery (BE) of the electron from the measured KE
values using the equation (1) where hν is the known value of the photon
energy (here we use a monochromatic light). ωF is the work function (here
we take the vacuum level as reference instead of the Fermi level, so this term
vanishes). Once we know the binding energy, it’s possible to identify the
electron shell the electron originated from.
KE = hν − BE − ωF

(1)

The photoemission process is a quantum mechanical transition from an
initial state φt to a final state φf . In this interaction the Hamiltonian Ĥk
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represent the interaction between an electron and a photon. This operator
can be simplified using the Born-Oppenheimer approximation, assuming that
the atomic core are much heavier than the electrons, and do not move on
the relevant time scale. One can also neglect the non-linear terms, assuming
that the wavelength is much larger than the atom/molecule (high intensities
are neglected).
Spectralf unction

X
i,k

hφf | Ĥk |φi i =

X

}|
{
z
hφt | Ĥk |φk i φfn−1 φin−1

(2)

i,k

The left hand-side of (2) represents the whole system. In the right handside, we have split off the contribution of the affected electron and the remaining system. The concepts briefly described in this section are discussed
in more detail by Stefan Hüfner [8].
Satellites can appear to a spectral line when a core electron is removed by
photoionization. There is a sudden change in the effective charge due to the
loss of electrons. This perturbation induces a transition in which an electron
moves from one orbital to another simultaneously with core ionization. In
this case, the contribution of the spectral function will be different than zero
[8]. If spectral satellites appears on the data, that would inform us on the
electronic structure of our sample.
In our kinetic energy range (around 100eV), the scattering cross-section
for electrons is high. Thus the mean free path until the photo-electrons undergo a scattering event is really short (1-2nm). If they undergo an inelastic
scattering event, they will lose some of their kinetic energy. This will give
a scattering tail to all peaks in our data, for example the bump on the low
energy side of the Iodide 4d peak on which the Sodium peak is situated in
Figure 8 and Figure 9.
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Instrumentation
Synchrotron sources and beamlines

The experiment has been done on the beam line PLÉIADES at the Synchrotron SOLEIL, France (see Figure 3). This facility, built on the Plateau
de Saclay near Paris, is a 3rd generation light source, i.e. optimized to produce brilliant X-rays.

Figure 3: Synchrotron SOLEIL, view from the sky.
https://fr.wikipedia.org/wiki/SOLEIL
The Figure 4 shows the several steps required to produce synchrotron
radiation [1]. First, an electron gun emits a thin electron beam which is not
continuous but consists of electrons bunches. This beam is accelerated in the
LINAC, a 16 meter long linear accelerator where the electrons reach a kinetic
energy of 100 MeV (Figure 4-1). Then the electron beam enters the booster, a
circular accelerator, which increases the kinetic energy of the beam, reaching
the SOLEIL operating value of 2.75 GeV. In there, electrons are moving at
relativistic speed (Figure 4-2). Once the electrons have reached this energy,
they are injected into the storage ring (354 meter of circumference) where
they stay for several hours (Figure 4-3). In this ring, the trajectory of the
electrons is controlled by magnetic devices (respectively Figure 4-4, 5 and
6): dipoles (bending magnets), quadrupoles or hexapoles, and undulators or
1FA595
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wigglers (a succession of alternating magnets). Every time the electrons are
deflected from their trajectory by a magnetic field, they emit radiation (synchrotron radiation) and thus loose energy. The energy loss is compensated
by radiofrequency cavities. The radiation emitted can be chosen to be from
near visible to hard X-ray spectral region using optic systems in beamlines
(Figure 4-7), depending on the parameters needed.

Figure 4: Synchrotron SOLEIL, layout of the facility.
https://www.synchrotron-soleil.fr/en/
There are 29 operating beamlines in the facility and each of them produces different radiation parameters to analyze samples. In order to get the
parameters needed, each beamline has several devices such as monochromaters (to choose the wavelength) or mirrors (to focus).
We have done our experiment on the beamline PLÉIADES (Polarized Light
source for Electron and Ion Analysis from Diluted Excited Species). PLÉIADES is an ultra-high resolution soft X-ray beamline with an energy range
from 9 to 1000 eV. It is dedicated to spectroscopy-based atomic and molecular physics studies of diluted samples [7].
PLÉIADES has a permanent magnet undulator and a electromagnetic undulator, allowing the polarization vector of the X-rays to be arbitrarily rotated.
There are also several mirrors and a plane grating Peterson monochromator
[7]. The ultimate resolving power is about 100,000 at 50 eV and
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The experiment

To conduct XPS on aerosol, we first produce aerosol particles from an aqueous
solution with a nebulizer trying to get as close to real conditions as possible.
Then the aerosol goes through dryers which can be removed. The dryers are
made of silica gel and are used to reduced the humidity of the aerosol. The
aerosol is then channeled through an aerodynamic lens. The aerodynamic
lens produces a beam of aerosol particles, while the carrier gas disperses in
the vacuum chamber. This beam goes then to a vacuum chamber where it
interacts with the photons from the X-rays beam of the synchrotron. During
this interaction, electrons are emitted according to the photoelectric effect.
The data are then collected with an hemispheric spectrometer (see Figure 5
and Figure 6).

Figure 5: Schematic sketch of the experiment.
During the experiment, we recorded several spectrum. The acquisition
time was depending on the energy range size and the number of swipes
wanted, going to a few minutes to almost an hour. The more swipes we
were getting the more accurate the spectrum were.
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Figure 6: Hemispheric spectrometer at the beamline PLÉIADES.
An hemispheric spectrometer contains an electron lens unit, a hemispherical capacitor and a detection unit. The lens unit focuses and accelerates/decelerates electrons to the pass energy. The hemispherical capacitor
allows electrons to get to the detection unit only if they have the right kinetic
pass energy. The detection unit is an electron multiplier with a fluorescent
screen and a CCD camera.
The whole experiment was challenging. Both the photon beam and the
liquid jet being thin, we had to cross them in front of the analyzer. Also
to get a better signal one would increase the number of particles, i.e. the
concentration of the solution, but the more particles there are, the more they
will interact between each other but here this not wanted.
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Results
Data analysis

The raw data usually exhibits an energy offset of undetermined size due to
unknown parameters. The photon energy is not precisely known even if it’s
a monochromatic light (usually off by a few eV) due to a possible misalignment. The particles have different sizes which might influence their shape [6].
The composition of the particle is unknown, neither the amount of water, or
if it’s liquid or crystal water. All of those unknown parameters are hard to
determine and control during the experiment.
In order to compare the data acquired with different photon energy, one has
to plot the intensity versus the binding energy, according to the equation
(1). To achieve this we employ the software Igor Pro and use the gas phase
nitrogen peaks to normalize the energy scale. The literature [4] then provides
us with the values for those Nitrogen peaks, allowing us to adjust the scale
(see Figure 7).

Figure 7: Example of a binding energy scaled data for dry NaI (literature
values for the N2 peaks taken from [4]
Figure 7 shows an electron spectrum from the valence region of sodium
iodide aerosol (here dry) as number of counts over electron kinetic energy.
Since the intensity of the electron flow depends on variables which we do not
have access to, or that are not reliable (precise parameters of the beamline
for example), we have to consider the counts to be an arbitrary number.
1FA595
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During the experiment, we have studied aerosols from solution containing
either sodium iodide (NaI), sodium bromide (NaBr) or calcium bromide
(CaBr2 ).The satellite features we aim to investigate have first been observed
in aerosol originating from a NaI solution. Here, we have tried to confirm
these previous findings and extend our investigations to other halide ions
(Bromide). The comparison between aerosol from sodium halide solutions
and from a CaCl2 solution may allow for some insight into the effect of
the cation on the satellite structure of the anion photoelectron signal. This
would indirectly allow to draw conclusions about the ion-ion interaction in
these aerosol particles.
In order to see if there is any difference between wet and dry aerosols, we
sometimes removed the dryers.

3.2

Sodium Iodide

Aerosol from several solutions of sodium iodide (NaI) have been studied.
To make these solutions we have made a stock solution of 37.5105g of NaI
in 500mL of water, giving a concentration of 0.5mol/L. The first solution
is made of 10mL of the stock solution diluted in 490mL of water, i.e. a
concentration of 0.01mol/L. The second solution is 30mL of the stock solution
in 470mL of water, i.e. a concentration of 0.03mol/L.

Figure 8: Comparison between wet and dry NaI aerosols (both solution 1)
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For the first solution (concentration of 0.01mol/L) we took the data with
wet and dry aerosols (see Figure 8). In this Figure one can see on the left the
sodium 2s peak at -67eV BE and the Iodide 4d peak on the right at -55eV
BE. The Sodium peak is located on a background of scattered electrons. The
dry Iodide peak is slightly more intense than the wet one but both of the
graphs have the same shapes (except for the parts on the right and on the
left, which are backgrounds of the measurement).

Figure 9: Comparison dry aerosol for NaI (solution 1 and 2)
In Figure 9, we have plotted the data for the first and the second solution
of dry sodium iodide (concentration of 0.01mol/L and 0.03mol/L). One can
see that the intensity is slightly higher for the second solution. Both of the
graphs are showing the same shape with the sodium peak on the left and the
iodide one on the right.

3.3

Sodium Bromide

The solution of sodium bromide (NaBr) was made of 2.5731 of NaBr in 250mL
water, which gives us a concentration of 0.1mol/L. For this solution we have
acquired data using the aerosol with and without the dryers. In Figure 10
we have plotted two sets of data, corresponding to dry and wet aerosol. One
can identify the bromide peak at -74eV BE and the sodium peak on the right
around -67eV BE, arising from scattered electrons.
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Figure 10: Comparison wet and dry aerosol for NaBr (both same solutions)

3.4

Calcium Bromide

The solution of calcium bromide (CaBr) is made of 5g of CaBr in 250mL of
water. For this solution we have acquired data only without the dryers. In
Figure 11 one can see the bromide peak at -74ev BE, and a bump of scattered
electrons on the left.

Figure 11: Calcium Bromide without the dryers
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Interpretation

For different concentrations or if the aerosol is wet or dry, one can see that
the spectral shapes are quite similar for all the solutions. Here we are looking
for satellites in the data.

Figure 12: Old data for sodium iodide from an experiment on MAX4
In order to find evidence for satellites one can have a look at old data
(Figure 12), acquired during a similar beam-time in MAX-lab (Lund, Sweden). In this Figure, one can see the iodide peak on the left and in the noise
on its right, the peak 1 and 2 could be identified as satellites.
If one inspects the data in Figure 8 and Figure 9, the expected sprectal satellites are not present. The experimental conditions were not exactly the same
as the one at Maxlab, for example the relative humidity might not have
been the same, i.e. the water content of the particles was different. The
background signal of the old data is really different that the new one.
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Conclusion
Different samples have been studied, showing that the shape of the data
were quite similar while comparing wet and dry solutions, or solutions with
different concentrations.
The spectral satellites have not been identified properly partly because we
didn’t reproduce exactly the experimental set-up of the old data. The XPS
technique being a surface sensitive technique, possibly we should try to use a
deeper core level to have a higher energy and thus a more precise bulk signal.
Signal contributions might change at higher photon energies and/or higher
electron kinetic energies.
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