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Electron mean free path from angle-dependent photoelectron spectroscopy

of aerosol particles

Maximilian Goldmann, Javier Miguel-Sanchez, Adam H. C. West, Bruce L. Yoder,

and Ruth Signorell®

Laboretory of Piresical Chemistry, ETH Zirich, Viadimir-Prefog -Weg 2, 8093 Ziirvich, Switzerloand

{Received 23 February 2013; aceepled 28 May 20135; published enline 9 Junc 20135)

We propose angle-resolved photoelectron spectroscopy of aerosol particles as an alternative way to
determine the electron mean free path of low energy electrons in solid and liquid materials. The
mean free path is obtained from fits of simulated photoemission images to experimental ones over
a broad range ol dilTerent acrosol particle sixes. The principal advantage ol the acrosol approach is
twolold. First, acrosol photoemission studics can be performed for many dilTerent malerials, including
liguids. Sccond, the sive-dependent anisotropy of the pholoclectrons can be exploited in addition to
sire-dependent changes in Lheir kinelic energy. These linite size cllecls depend in different ways on
Lhe mean (rec path and thus provide more information on the mean [ree path than corresponding
liguid jel, thin ln, or bulk data. The present contribution is & proofl of principle employing a simple
maodel [or the photoemission of electrons and preliminary experimental data for polassiunt chloride
acrosol particles. © 2015 AIP Publishing LLC. [hilp:f/dx.dol.org/10.1063/1.4922307]

I. INTRODUCTION

The inelastic and elastic mean free paths (MFPs) of an
electron are the average distance an electron of a given kinetic
energy (KE) travels in a material between two successive
inelastic or elastic scattering events, respectively.’~ Electron
mean free paths (EMFEPs) are important quantities for a num-
ber of physico-chemical phenomena, These range from aerosol
physics and chemistry, which influence the radiative energy
balance ol the Earth and other planets, to photoemission
processes in interstellar dust clouds, radiotherapy, and nuclear
plant operation {scc Rels. 3—18 and relerences thercing, A
complete understanding ol the whole photocmission process
[rom the absorption of light 1o the emission of electrons rom
Lthe material is crucial in this context.™ 2! Tninterstellar clouds,
for example, ultraviolel pholoemission rom dust grains is
discussed as one of the sources ol subslantial heating of Lhe
clouds.'”” The EMFP is a central quantity needed o model
these processes. Similarly, EMFEPs are essential for the under-
standing of radiation damage to biological tissues, in which
electron transport in liquid water plays an important role. The
lack of reliable EMFEP data at low electron kinetic energies
for liquid water hinders the quantitative modeling of the
radiation damage to hiomolecules in aqueous environments,
which is largely caused by low energy electrons.'® For many
compounds, the values of the inelastic and elastic MFPs are
not known or inaccurate, largely due to various experimental
difficulties. This is especially true for experiments at low
clectron KEs below 100 ¢V and for volalile liquids, whose
high vapour pressure makes accurale photoclectron studics in
vacuum challenging.?> 2 While scveral methods have been
introduced lor the energy range [rom 15 ¢V 1o 100 ¢V, Lhe
uncertaintics of the mean lree paths remain high in the range
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below 13 eV.”7 Recently, progress has also been made for
liquids by employing liquid microjets.”s*

Here, we introduce an alternative way to determine the
MEFEPs of slow electrons with KEs below 20 eV which relies
on angle-resolved photoelectron spectroscopy of aerosal parti-
cles. Aerosol particles are ionized by single photons from a
vacuum ultraviolet ( VUV) light source. The three-dimensional
(3D distribution of the generated photoelectrons is then
projected with a velocity map imaging (VML) setup™ on a
two-dimensional (2D) position sensitive electron detector!™!
(Sce. T} To characlerize the propertics of pholoclectrons,
we cxlracl [our paramelers from Lhe photoclectron images in
addilion Lo the clectron kinetic energy: the lolal clectron yield
and Lhree anisolropy parameters, which describe the anisot-
ropy ol the pholoclectrons with respeet Lo the propagation and
Lhe polarization direelion of Lhe ionizing radiation. These four
paramcters depend in a characteristic way on the EMFPs and
Lhe acrosol particle size. The EMFPs are extracted [ront [its of
Lthe simulated anisolropy parameters Lo the experimental ones
by varying the EMFPs. The simulaled photocmission images
are obtained from a simple model (Sec. II). Similar models
have been widely used in the past, also for particulate matter
(see Refs. 32-38 and references therein). Briefly, classical
electrodynamics is employed to treat light-particle interaction
and a sitmple three-step model is used to describe electron for-
mation, transport in, and emission from the aerosol particles.

The use of the aerosol approach has two main advantages
compared with other methods. First, it allows one to determine
EMEFPs also for liquids, which are ditficult to study in the form
ot thin films or bulk in vacuum because ot their high vapor pres-
sure. This is nol a [undamental problem for acrosol droplets.
Second, acrosol data recorded over a range of dillerent acrosol
particle sizes in principle conlain more information on the
EMFEPs than corresponding thin [1lm, liguid jet, or bulk data,
because Lhe size-dependence ol the anisolropy can be exploiled
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in addition to the kinetic energy. The key point is as follows:
The variation of the aerosol particle size changes the total path
length of the ionizing radiation and the total scattering path
lengths of the electrons inside the particles. In addition, the
variation of size corresponds to a variation in curvature. This
changes the geometry of electron escape from the particle.
More importantly, the curvature characteristically modifies the
paltern of the light intensity inside the particle and thus Lhe
ionization probability. Tn other words, Lthe curvature strongly
influences the anisotropy of the photoclectrons. Since all these
finile size clTects depend in difTerent ways on the EMFEP, they
provide characleristic and complementary information on Lhe
EMFP.

The purpose ol Lhis contribulion is a prool of principle of
the idea. We use KCI as a model substance because many
of ils propertics arc well known and acrosol formation is
straightforward.” = Furthermore, calculations for EMFPs at
low KEs already exist for KC1,** which allow for a comparison
with results trom the present work, In Sec, [V, we first present
the main prediction tfrom modeling, which we then compare
with preliminary experimental data for KCl aerosal particles,

II. MODEL AND PARAMETER DEFINITION

The model consists of three parts: The photonie model
{Subscclion TT A} describes the inleraclion of the acrosol par-
Licle with the electromagnelic radiation. The electrom emission
mrodel (Subscetion TT B includes the formation ol the electron
at a given location inside the aerosol particle, the transport of
the electron through the particle, and its emission at the par-
ticle surface. The efeciron projfection model (Subsection II C)
defines the projection of the 3D photoelectron distribution
onto a 2D detector plane. This subsection also introduces the
parameters, &, Buackwards 5 forwards Ad ¥, that describe the char-
acteristics of the photoemission for comparison with experi-
mental data. Weuse a 3D Cartesian coordinate system with the
origin at the center of the aerosol particle. The photons travel
in the positive x direction and are linearly polarized along the
g axis. The acrosol particles ravel in the negative i dircclion
and the pholoclectrons are projected in Lhe positive 7 direction
onlo the 2D deleclor plane which is parallel o the x- planc.

A. Photonic model

Classical continuum clectrodynamics is employed Tor
modeling light-particle interaction. For the KCI particles, we
use the Mrequency-dependent refraclive index dala in the VUV
[rom Rel. 3% and assumc spherical particles surrounded by
vacuum. Note thal we lind essentially the same results Tor
spherical KCI particles as for an ensemble of randomly ori-
ented KC1 cubes with rounded corners, consistent with the re-
sults for NaClin Ref. 38, The ionizing radiation is modeled as
amonochromatic plane wave which is linearly polarized along
the y axis, providing a good model for the synchrotron radia-
tion used in the experiment. We assume that the probability of
generating an electron at a specific location « inside the particle
is proportional to the intensity of the internal electric field
E (¢z) at this location (see Subsection 11 B). The electric fields
inside and outside the particle are calculated with the discrete
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LG, 1. Calevlated intonsity pattans of the ionizing radiaton mside KCIL
nanospheres witlea radivs of 5 i (panel (ay, 100 wn (panel (by)., and 500 um
(panel (e, respectively. The ealeulations are Tor 2 pholon energy of 10 £V
The Light intensity decreases from yellow to red to blue color

dipole approximation ({DDA) using the ADDA package, 7

We tested the accuracy of this approach with the Lorenz-Mie
methad which provides an analytical solution for spherical
particles and with previously published data,*>*>

Figure | shows the squared amplitude of the internal
field |E(fi’) °, i.e., the light intensity, in the x-y plane through
the center of a spherical particle with a radius of 5 nm,
100 nm, and 300 nm, respectively, at a photon energy of
10 eV, The light intensity inside the smallest particles is
homogencous. Only a very minor decrease in inlensity in
Lhe propagation dircclion ol the light (posilive x dircction) is
¥isible, which is due Lo minor absorptions in the particle. The
largest particle absorbs the light almost complelely already
in the outermost surface layer ol the particle that Taces Lhe
incoming radialion. There is no light thal penetrates into the
particle’s core. For inlermediale sizes, here a 100 nm particle,
Lhe light intensily inside Lhe particle is strongly structured with
regions of low and high intensilics. As mentioned, these size-
dependent intensily patterns together with the influence of the
size-dependent curvature on the electron emission determine
the anisotropy in the photoelectron images.

B. Electron emission model

We use a sinple three-step maodel Tor the deseriplion of
the cleetron emission:® The first slep is the generation of Lhe
photoclectron at location  inside the particle. Onee lormed, it
iy randomly seattered inside the acrosal particle (second slep)
until il reaches Lthe surlace and is emilled from the particle
inlo vacuum (third step). For Lhe first slep, we assume Lhal Lhe
probability p(#, ) ol generating an clectron at location Zinside
the particle with momentum in direction & is proportional to
the light intensity (see Subsection II A) and the classical dipole
emission probability,

Pl 6) o« |E(d)[Fcos™(#) (1)

where f({f) is the internal electric field at location & and @
is the angle between the directions of the internal electric
field vector f({f) and the initial velocity vector Tyyald) of
the electron. The initial electron KEs Ex inta are chosen
randomly from a Gaussian distribution modeled after the
photoclectron spectrum ol gas phase monomer KCI in order
nol Lo include scatlering ¢ priori. For pholoclectron spectra
recorded at pholon energy Av, they Tullill the condition

0= EK,flliLia] = - hlga (2}

where Fg is the band gap, [or which we usc a valuc o 8.4 ¢ V.
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The Gaussian is centered at v — E, — A, where A = 0.34 eV
is the half-width-at-half-maximum.”® We have found that the
exact shape of the curve and the exact initial KE distribution
do not significantly influence the asymmetry parameters e,
BPrackwand, A0 Srorwara.

The second step, the migration of the electron within the
particle, is modeled as a random walk with the inelastic MFP
and the elastic MFP ay step lengths for inclastic and elastic
scallering cvents, respectively. A random walk corresponds o
isotropic scallering of the pholoeleclrons in the particle. This is
probably a good assumplion here because the dircctionality of
scattering in bulk KClis weak™ and because our KCl particles
are likely polycrystalline. The probabililies ol inclaslic scatler-
ing cvents pr and clastic scatlering cvents pr arc caleulated as

p=1/{s+1)and pr. = sf(s + 1), 3)

where 5 is the ratio of the inelastic MFP and the elastic
MFP. We use s = (.1 in this work consistent with Ret. 43,
Ag both elastic and inclastic scaltering cvenls arc isolropic in
our madel, the value of s does nol significantly inflluence Lhe
anisolropy parameters ¢, Bhpkwts A0 Broeyard. Their values
[or a 100 nm radius parlicle, for example, vary by less than
1% il & is varied belween 0.1 and 10. Note thal scatlering of
low cnergy clectrons in solids, In particular claslic scallering,
is [ar from being understood.™ For the mean energy loss per
inclastic scatlering cvent {cnergy loss paranicler £), we usc

g=10meV al 300 K. {4

This corresponds to the value Y meV at 270 K trom Ref. 43,
which has been correcled Lo accounlt for the higher lemperature
of about 300 K in our experiments. For Lhis correclion, Lhe
lemperalure dependence ol the mean phonon cnergy [rom
Rel. 14 is used. Again, we can show thal the exacl value of
£ has only a minor influence on the asymmeltry paranictlers.
However, il will signilicantly alTect the clectron yicld. Since
we did not perform yield measurements in the present work,
we use 10 meV Lhroughout the paper.

For the third step, the emission ol the electron al Lhe
particle surlace into vacuum, the clectron must Tulfill the
classical momentum threshold condition for escape,

T < arccos m )

where 7 is the angle between the clectron velocity veelor and
Lthe surlace normal, £4 1s Lhe clectron allinily, and g e 18
the clectron KE.* Both values are taken just belore cjection,
i.e., at the surface inside the particle. We use a value of
E, =0.5 eVY and subtract it from the normal component
of the electron KE just after ejection (in vacuum). For every
ejected electron, we store its velocity vector and its KE
resulting in a 3D electron emission pattern. The corresponding
velocity vector and the corresponding KE in the vacuum just
after emission are referred to as fypepum and Eg, respectively.

C. Electron projection, anisotropy parameters,
photoelectron yield

Experimentally, it is very challenging Lo record this 3D
clectron emission pattern. Tnstead, we use VMT*Y in our exper-
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iments (see Sec. 11I), which projects the emitted 3D electron
distribution onto a 2D position sensitive electron detector with
the help of an electrostatic lens system. The recorded 2D
photoelectron images are referred to as “experimental raw im-
ages” in the following, To model the experimental projection,
we map each electron onto the detector plane at position ke ™,
where b « /Ex — Ex ; and @isthe azimuthal angle inthe x-y
planc with respect to the y axis. The corresponding pholoclec-
Lron images are referred o as “calculated raw images.”

To describe Lthe angular dependence ol the eleclron
cmission patterns, we exlracl [rom the raw images three
anisolropy paramelers, denoted a8 &, Broetwards I B orward:
Note thal in VMI the 3D emission pallern can be retricved
[rom a reconstruction ol the 2D raw image only 1l the eleclron
distribution has an axis of cylindrical symmetry parallel Lo the
detector plane.™ Tn our case, however, the light allenuation
inside larger particles (Fig. 1) breaks this symmetry so
that reconstruction is not possible. Therefore, we determine
the anisotropy parameters directly from the calculated or
experimental raw image. For their definition, we split the
image plane into two half-planes with x < Oand x > Oreferred
to as “backward plane” and “forward plane,” respectively
(Fig. 2). The anisotropy parameter @ describes the anisotropy
of the photoelectron image with respect to the propagation
direction of the light. 1t is defined as in Refs. 38 and 35 as

= FoufFocs (6}

where f,, and [,_ arc the nuniber of photoclectrons projected
onlo the x > 0 and x < 0 hall-plancs, respectlively. For gas
phase molecules, & = 1 because there is no anisotropy in the
propagation direction of the light for these samples. For KCI
aerosol particles, by contrast, one expects & values between 1
and 0 as a result of the attenvation of the light by absorption
inside the particle (Fig. 1), For very small aerosol particles, &
is still close to 1 because light absorption is minor here (see
panel (a) in Fig. 2). With increasing particle size, & decreases
continuously. An example for an image with @ =025 is
provided in panel (b) of Fig. 2.

In VMI photoemission imaging, the anisotropy is usvally
described by the anisolropy parameler 8, which is delined
Lthrough F{ep) o |1 + Q(B cosZp — 1)].56 ¢ is Lhe polar angle
wilh respecl Lo Lhe dp()larimli(m dircction of the light (y
dircetion) and f{¢h) is the number of photons delected in angle

(a) light propagation

polarization

i
|
|
|
|
|
i

" 2 :
+2 Biorwaﬂ ~+2 Fsbai:‘«a'-i = 0‘3 ﬁlﬂmﬂzﬁ e 5

hba‘!m'u:‘- 4

FIG, 2. Lxample photoclectron images with difforent andsoteopy pavamctors
&, Frackwnnd 400 Pt The pancls (a) and () are representative for the
situption found for small and Targe paricles, respectively. The backward and
forward planes are the le and the right hall planes, respectively. The eleciron
intensity decreases from yvellow 1o red to blue color.
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¢ in the reconstructed image (center slice image). Here, we
keep the same definition for #, except that we determine it
directly from the raw image and separately as Brackwaa iD
the backward halt-plane and as Bropwaq in the forward half-
plane (see Eq. (7)). As a consequence, these § parameters do
not have the same physical meaning as usual. Rather they
are phenomenological parameters used to characterize the
anisolropy associated with the polarization dircction of Lhe
light. We deline them by

Hep Yo |1+ ﬁ—lm;wmd(l%cosjqf) -1
and
T ﬁforward e it
1¢) o [1+ P 30052+ — 1)), (7)

where ¢~ and ¢* are the polar angles in the raw image with
respect to the polarization direction of the light ¢y direction)
in the negative (x < () and positive (x = ) half-planes of the
image, respectively, and I{¢™) and [{47) are the numbers of
photoelectrons detected in directions ¢~ and &%, respectively.
Examiples of raw images with different  parameters are shown
in Fig. 2. Although the three asymmetry parameters are not
completely independent, they all contain complementary in-
[ormalion which is uselul Tor the extraction of clectron MFPs.

Finally, we deline the lolal pholoemission yield ¥ as a
[ourth parameler Lo characterize the cleclron emission. 7y is
Lhe ratio of the number ol photoclectrons that escape from Lhe

3

particle g, and the number of absorbed photons c£ .

Y= qmlt/{chllil:ﬂ = Z Pa h‘;(ﬁ’)/‘fhﬁﬂﬂ]’ (8}

et

where gon = ¢ 2, paEE(&') and ¢ is a measure of the absorption
cross section, The index « runs over all photoelectrons that
are formed at location # in the particle. Ef((?’) is the local
field intensity at location & and EZ | = 3, E;(d). We assume
the probability of generating an electron at location « to be
proportional o the local field inlensity at this position and
Pa € {01}, pgis 1l the clectron generated al location & is
finally emitted Mrom the particle and it is 0 Tor electrons that are
generated in Lhe particle bul never emiitled rom the particle.

lll. VELOCITY MAP IMAGING EXPERIMENT

We have perlormed preliminary pholocmission cxperi-
ments on KC1 acrosol particles with radii of 37.5, 50, 75, 100,
125, and 150 nm at photon energies of 10, 11.4, and 12.4 ¢V
at the VUV beamline of the Swiss Light Source at the Paul
Scherrer lnstitut. The KCI aerosol particles are generated in
an atomizer (TSI, Inc., model 30763 and dried after the exit
of the atomizer with a home-made diffusion dryer. After size-
selection in a scanning mobility particle sizer (SMPS, TSI,
Ine., madel 3080), they enter the photoelectron spectrometer
through a home-made aerodynamic lens.*'™* Typical particle
densities after size selection vary from (.6 x 10° to 3.8 x 1(°
particlesfem®. VUV synchrotron radiation is used for single-
photon ionizalion ol Lhe acrosol particles. The generaled
photoclectrons are projected onlo a 2D electron imaging
delector (Roentdek, 40 mim diamieter) with a home-made VMT
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lens system.'™'? Typical acquisition times are on the crder
of several hours per image.

High background signal and time constraints at the
beamline limited the quality of the images and made measure-
ment on smaller particles impossible, while fluctuations in
the photon flux made photoelectron vields unreliable. In the
uncertainty estimates given in Sec. 1V B, we have tried to
accounl Tor the most significant sources ol error. Henee,
the cxperimental data we present arc only preliminary.
However, Sce. TV B demonstrales that even these preliminary
experimental data strongly support our prool of principle
study. A significant improvemenl and cxlension of the data
requires 4 new, optimized experimental sctup. To this end, we
arc currenitly sclting up a new laser experiment.

IV. RESULTS AND DISCUSSION
A. Model predictions

Fig. 3 shows the evolulion ol the anisotropy parameters
and the tolal clectron yicld as a lunclion of the size ol Lhe
KCl particles as predicted by the model. The difTerent lines
represent values [or cight different inelastic MEPs Trom 0.2

g 50 100 150

¢ 50 100 150

particle radius [nm]

FIG, 3, 'Ihe lines are simuolatcd amsoteopy parameters &, Fhockwsnt. and
FPrarwarg, and eleciron yieldy for inelastic MFPs o 0.2 {dashed red), 0.5 (solid
realy, 075 (dashed greend, 1 (solid green), 1.5 (doshed [Aue), 2.5 (solid blue),
5 {dashcd cyan), and 10 nm (solid cyan). The expermental data are shown
as black crosses with coror Dars. All data ave for KCI particles photoionized
al 10 eV photon energy. Please note that the values of Siopeaq Tor diflerent
MFTs criss each other,
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to 10 nm (see figure caption). For these simwulations, we
assume that the inelastic MFP is constant during the random
walk, i.e., it does not depend on the KE of the electron (see
discussion below). Fig. 3 reveals that all four parameters
depend on the inelastic MFP, but in different ways. a depends
only weakly on the MFP tor particle radii below ~25 nm
because the light intensity in these particles is more or less
homogencous (Fig. 1), and the number of scallering events
iy low lo moderale. For larger sizes, however, the values of
¢r become more clearly distinguishable lor difTerent inclastic
MFEPs, which is mainly a conscquence of the inhomogencous
light intensity inside the acrosol particles (Fig. 1). y shows
a similar trend. Tt is less sensilive 1o the MFP [or smaller
particles than Tor larger ones, lor which it shows a distinet
dependence on the MFP. Just Lthe opposite behavior is observed
[or the lwo £ paramelers. Tn contrast o a and ¥, Bk and
Brorwara are clearly more sensilive Lo the MEP lor particle radii
below ~30 mm than for larger particles. The complementary
and characteristic dependence of the four parameters on the
inelastic MFP is useful in that if one covers a broad aerosol
particle size range, one obtains comprehensive information on
the MFP. This, in turn, may allow one to determine accurate
ralues for MFEP using aerosol measurements,

For the simulations in Fig. 3, we have assumed that
the inelastic MFP remains constant throughout the random
walk of the electron in the particle. In reality, however, the
electron MFP can pronouncedly depend on the KE of the
clectron, which then changes during the randont walk. From
Lthe observed dependence of Lhe Tour paramelers on Lhe MEP
in Fig. 3, one would cxpecl Lo ind noliceable elTects on these
parameters when the energy-dependence of Lhe inclastic MEFP
iy included. Fig. 4 conlirms this expectation. This ligure shows
Lhe dependence ol the four parameters on the inelastic MEP as
a [unclion of particle size [or three different cases: a constant
inclastic MEFP of 1 nm (identical Lo the solid green line in
Fig. 3) and two inclastic MEFPs that depend in dillerent ways on
the KE ol the clectron. The energy-dependences ol the lalter
are derived from the calculated MFPs for acoustic phonon-
electron interaction and optical phonon-electron interaction
provided in Fig. 1{c) of Ref. 43. For hoth types of interaction,
the energy-dependence is to a good approximation linear in the
region that is of interest here. We have approximated them by
two straight lines with slopes of +0.8 nm/eV and —0.8 nmyjeV,
respectively, that cross at MFP = 1 nm and electron KE
=1 eV, The influence of the energy-dependence of the MFPs
on the anisotropy parameters in Fig. 4 is in general moderate,
in particular for the smaller particles. An exception is Srowan
[or larger particles, which exhibits a pronounced cnergy
dependence in Lhis sive range. B 18 mainly determined
[rom electrons that originate [rom the particle hall-sphere in
which lor larger particles the inlensity pallern ol the light
varics sensilively wilh particle sive (Figs. 1 and 2). As a
conseguence, S 18 here also very sensitive Lo the inelastic
MFP. The strong dependence of the clectron yield y on Lhe
MFP is not a surprise since il scales with the MFP (Eq. (8)).

The dependence ol Lhe Tour paramelers on Lhe relraclive
index 17 + £k is illustrated in Fig. 3, Tor the example of 4 50 nm
KC1 particle and for a constant inelastic MFP of 1 nm, again
neglecting the dependence of the MFEP from the electron KE

J. Ghem. Phys. 142, 224304 {2015)

100 150

04 - = "'-i__-_-:__* ]

1 ' 1 1 |
09~ 1
206 .

F ::i:_— -
L ul TETA=eo oy 1
2 * e —
-03 ~ . | N 1 L T ]
09 1
206 - T e S
g i : £ ]
8
= 0.3 Hi 1
oo % , . . N
1 0 Tk " o & = — - _ _, ]
08 . |
EN 3 " i
0.6 - S ]
04 |
. I . 1 . '
0 50 100 150

particle radius [nm]

FIG. 4. Anisotropy parmmelers ., Sroeand, 40 Fopoioeand, 2l electron vield
7 aimuolated for a constant inclastic MUP of 1 mn (procn dots). an cncigy-
dependent mnclastic MUP representing the interaction with the acoustic mode
(blue tdangles), and an energy dependent inelastic MFP representing the
interaction with the oplical mode (red squares).® The experimental daia
arc shown as black crosses with crror bars, All data arc for KOl particles
Photolomzed at 10 oV photon cnevgy.

as in Fig. 3. The calculations are for the KCI relractive index
data between 9 and 13.3 eV displayed in the two top traces
in Fig. 5. The green dots represent calculations for which
only the refractive index and the wavelengths of the light vary
while all other parameters are kept constant. In particular,
the initial KE distribution Eg jnina 1S not varied according to
the incident photon energy (Sec. 11 B). We chose a constant.
Ex mina distribution as calculated for a photon energy of 10 eV
(Sec. II B). The variations in @, Bracgowards Storsag 10 Fig. 3
follow more or less the variations of the refractive index. The
changes in the absolute values of @, Suaxwand, a0d Broewa are
maoderate Lo pronounced. The absolule value of y, by contrast,
1% hardly influcnced by the relractive index. A similar behavior
iy also observed for other particle sizes (data nol shown). For
Lhe black squares in Fig. 3, the fx .0 distribution is varied in
addilion to the refractive index and wavelenglh. The £x i
distribution at cach pholon energy is calculated as described
in Scc. TT B. The comparison with the green dols {dashed
lines) reveals Lthat the additional influence of the initial kinetic
cnergy is nol very pronounced, excepl [or y at very low pholon
cnergics. Fig. 5 reveals thal the quality of relractive index data
is important for the determination of accurate MFPs from
anisotropy parameters,
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LG, 5. The two top traces show the refractive ndex data s+ ik from Ref. 39
a5 function of the photon energy. The four botlom trees show the anisolropy
paramelers o, Foacowars M Srarwarg. and the ol electron yield » as o
function of the photon encrey. All caleulations ave for 4 constant inclastic
MIP of 1 mm and a KCI particle radius of 50 mm, lior the procn dots, it is
assuined that only the refractive index varies with pholon energy. For the
Ilack squares, it is assumed that the refrctive index and the initial kinetic
cnerey distiibution vary with photon cncrey. Mote that the lines in the four
Lowseer pancls ave mercly meant to guide the ove.

B. Comparison with experiments

The modeling resulls clearly illustrale the principle on
which the EMFP determination through acrosol photoelectron
spectroscopy relies. T exploils the characlerislic dependence
of the photoclectron anisolropy on Lthe EMFP as a function of
acrosol particle sive (Fig. 3}, which distinguishes this approach
[rom other methods. T a broad size range is covered, Lhe
complemenlary information contained in the three anisolropy
parameters allows one o extract delailed information on Lhe
EMFP. Given that high quality experimental data are available,
one should be able to extract accurate EMFPs from a fit of
calculated to experimental data, including information on the
energy-dependence of the EMFP (Figs. 4 and 5).

To complete our proof of principle study, this section pro-
vides a comparison of the modeling results with preliminary
experimental data for KCI aerosol particles. As mentioned
in Sec. III, the quality of the experimental data is limited
and it was thus not possible to extract reliable data for the
electron yield y or to record meaningful data for very small
acrosal particles. We have recorded photocmission images at
photon energies of 10, 11.4, and 12.4 ¢V for six difTerent
particle sizes. As cxamples, we present mainly the data lor
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10 eV photon energy and only a sunumary tor 11.4 eV photon
energy. Because of the low signal to noise of the measurements
recorded at 12.4 eV and overlapping signals from background
gas phase water, we do not provide any data tor this photon
energy. In view of the limited quality of the experimental
data, we do not attempt to extract any energy-dependent.
information on the inelastic MFP (Fig. 4) but compare it
first only with the model predictions [or constant MFPs,
This comparison is shown in Fig. 3. Despile the preliminary
character ol the experimental data, both the experimental and
the calculaled anisolropy paramcters show Lhe same trends
wilh increasing acrosol parlicle size. The values of « and
Bty decrease continuously with increasing particle size
while Brawra increases with increasing size. All values of a
and Bhueraward 8re consistent with a short MFE The contparison
of these dala with the model predictions resulls in an average
inclastic MFP ol aboul 1 nm at an average cleclron cnergy
of ~1 eV. A similar analysis of & and Buekwira for the
measurement at. a photon energy of 11.4 eV results in an
average inelastic MEP of about (.5 nm at an average electron
energy of ~2.5 eV. Both values are in accordance with the
theoretical prediction of Ref, 43. Note that our inelastic MFP
carresponds to the dominating inelastic MFP, i.e., the shorter
one in Ref. 43, On the basis of the present data, we are unable to
judge how significant the agreement with Ref. 43 is. [t should
be noted in this context that Akkerman ef ef. use a similar
model as the present work: ie., they also treat the electrons
as classical parlicles that move along stochaslic Lrajeclorics.
The main dilTerence Lo our model lics in the MEPs. They usc
a quantum mechanical model o calculate the MFPs while
we cxlracl them from a [it o cxperimental data. Al least,
Lthe comparison suggests Lhat the modeling approach chosen
allows Lor & meaninglul analysis of the experimental data.

In the above cstimates ol the MFEPs, we have not used
Brorwa- Fig- 3 shows thal Brpyera 18 only consistenl with an
inclastic MFP ol ~1 nm [or the small particle size bul not
above about 100 nm. The same phenomenon is found [or the
data for 11.4 eV photon energy (not shown). At this point,
we can offer two explanations. The inconsistency of B
observed for larger particle sizes could be a consequence of
the low signal to noise in the photoelectron images, Fig, 0
shows experimental and calculated photoelectron images for
a 150 nm KCI particle. Brewad is defined in the half-plane
in which the number of detected electrons is low for larger
particles (Fig. 2) because they originate from the particle

light propagation

—

c
2
B
8
[=]
o

FIG3. 6. Experimental {panel (o)) and caleulmted (panel (b)) raw photoeleciron
image of 2 KC1 particle of 150 nm radius. The poricles are jonized with light
of 10 2V photon cocgy.
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hemisphere that is only weakly illuminated (Fig. 1). Therefore,
the signal to noise ratio is lower and background contributions
inthe experimental image are higher in the half-plane which is
used to determine Somwaq compared with the one that is used
for Pracwaed. This can result in ill-defined values tor Brewad.
The inconsistency of Frewaq for larger particles might also
originate from the energy dependence of the inelastic MEP.
As discussed, Fig. 4 shows thal Srewaq 18 More sensitive o
Lhis cnergy dependence compared wilh Bigepwag and 2. The
comparison ol experimental and caleulated dala in this igure
also reveals thal Lhe cnergy-dependence ol Lhe inclastic MEFP
can casily account [or the apparent inconsistency of B
The data [or the interaction with Lhe acoustic mode and a 1 nm
inclastic MFP do no longer show any syslematic devialion of
Brorwar Tor larger particle sizes. For an energy-dependence
of the inclastic MFP according Lo the acoustic mode, all
three anisotropy parameters provide consislent results Tor
the inelastic MFP. More accurate measurements will resolve
which of these effects dominates, background contributions
or the energy-dependence of the inelastic MFP. But already
the preliminary experimental data discussed here provide a
convincing proof of principle for the new aerosol approach to
determine MFPs of slow electrons.

V. CONCLUSIONS

This prool of principle study shows that angle-resolved
acrosol pholoclectron imaging opens up a new and potenitially
more accurale way Lo delermine clectron MFEPs [or low KE
electrons in solids and liquids, provided that accurate experi-
mental data and a realistic model are available. The advantage
of the aerosol approach arises from the characteristic infor-
mation on the MFP that is contained in the anisotropy of the
photoelectrons, The variation of the particle size—and thus the

raariation in curvature—results in characteristic modifications
of the light absorption and the electron transport inside the
agrosol particles and thus of the angular dependence of the
photoelectrons, Our modeling results clearly demonstrate that
the use of the anisotropy information in principle allows one to
extract detailed information on the MEPs [rom [its of simulated
photoclectron images Lo experimental ones.

Important lor the determination ol accurate MFPs is the
qualily of the experimental photoclectron images. Crucial are
a good signal 1o noise ratio, low background contributions, a
quelily eleclron imaging system, and slable particle and pholon
fluxcs. The first two laclors strongly influence the quality
of the anisotropy dala. The Lhird Mactor is crucial Lo obtlain
reliable data for the total electron yield. For the present study,
we use a velocily map imaging pholocleclron speclromelter.
We do not [iL simulaled photoemission images dircetly o
experimental ones. Instead, we first define four parameters
(the electron yield and three anisotropy parameters) from
the images, which we then use for the comparison between
simulation and experiment. The necessity tor this tform of
data reduction is a consequence of the limited quality of
the experimental data recorded at the synchrotron, In future
studies, a new optimized laser experiment we are currently
setting up will provide sufiflciently improved data to exploit
the full information content of the images by fitting them
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directly. The electron MFP we extract from such fits is a
model-dependent. quantity. For the present study, we employ
a model commonly used to describe electron transport. The
incorporation of more sophisticated models might further
increase the utility of the aerosol approach, 4% For the
further evaluation of the aerosol approach, it will also be
useful to compare the results with MFPs derived by other
methods, ¢.g., using THz-TR oplical data (sec Rels. 43 and 61
and references therein).

The acrosol approach is particularly altraclive Tor clec-
trons with very low kinetic energy and lor liquids for which
experimental data on MFPs are urgently needed. MFPs ol low
cnergy cleclrons are important in many dilTerent lields ranging
[rom astrophysics Lo radiotherapy, and liquid phase chemistry.
We have perlormed lirst experiments lor various liguids and
arc currently applying the acrosol approach o these systems.
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