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1. Introduction

Chirality plays an important role in nearly all areas of funda-
mental and applied science, as the interaction of chiral objects
with each other often depends on their handedness. Promi-
nent examples are the interaction of chiral drugs with the cor-
responding chiral receptors in the human body, giving rise to
different follow-up reactions, or the interaction of circularly po-
larized light with chiral molecules, giving rise to different chi-
roptical effects. The first example highlights the importance of
developing ultrasensitive and fast methods for chiral analysis
and the second hints to a convenient way to perform such an
analysis, that is, to distinguish different enantiomers, determine
enantiomeric excess or even assigning the absolute stereo-
chemical configuration.

Working in the gas phase under collision-free conditions is
beneficial for both aspects. Because low particle densities are
involved, highly sensitive methods might be developed and
because usually collision- and interaction-free conditions are
achieved, a more fundamental understanding of the light–
matter interaction can be expected, leading finally to addition-
al approaches for the abovementioned assignment of the ab-
solute configuration.

In this spirit, new gas-phase methods have been developed
very recently and are reviewed in a perspective article.[1] The
techniques can be divided into two classes. One relies on pho-

toionization, the other on microwave three-wave mixing in
seeded molecular beams,[2] where the latter is the main focus
of the abovementioned perspective article.

Photoionization approaches benefit from nearly unit detec-
tion efficiencies of charged particles and differ in the detection
scheme ranging from the measurement of mass spectra to
imaging of photoelectron angular distributions to sophisticat-
ed photoion–photoelectron coincidence techniques. These de-
tection schemes also reflect different aspects of the light–
matter interaction. Mass spectroscopy together with reso-
nance-enhanced multiphoton ionization (REMPI) exploits usual-
ly differences in the magnetic and electric dipole moments of
the resonant intermediate. Nanosecond as well as femtosec-
ond laser sources have been used in corresponding circular di-
chroism (CD) experiments[3–5] and are reviewed in Ref. [6] . Coin-
cidence techniques have recently been used to directly deter-
mine the absolute molecular stereochemistry after laser-in-
duced[7] and foil-induced Coulomb explosions.[8]

A distinctive asymmetry in the differential photoionization
cross section from the ionization of randomly oriented chiral
molecules with circularly polarized light was theoretically pre-
dicted by Ritchie in 1976[9] based on the electric dipole approx-
imation. This asymmetry is reflected in the electron ejection, or
rather the photoelectron angular distribution (PAD). A change
in direction with respect to the light propagation direction is
observed dependent on the handedness of the enantiomer
and the handedness of the ionizing light. This CD effect was
termed photoelectron circular dichroism (PECD).[10]

Since PECD is an electric dipole effect, it can be several
orders of magnitude larger than conventionally measured CD
and is therefore promising with regard to spectroscopic stud-
ies of chiral species in the gas phase. During the last decade,
PECD was investigated on many small chiral molecules using
one-photon vacuum ultraviolet (VUV) synchrotron radiation
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and angle-resolved emission detection,[11–15] later applying ve-
locity-map imaging (VMI) techniques.[10, 16] The developments
of PECD via one-photon ionization are reviewed in Chapter 1
of Ref. [17] by Nahon and Powis and in Ref. [18] . In addition,
chiral dimers[19] and clusters[20] have been studied for PECD ef-
fects. The influence of excited ion vibrational modes on the
PECD was lately determined.[21]

Recently, we have demonstrated that PADs from randomly
oriented chiral molecules in a femtosecond REMPI process
reveal a highly structured PECD in the �10 % regime that can
be measured with the help of VMI techniques using a table-
top set-up.[22] From an application point of view, a widespread
implementation of this effect is now opened to analytics, be-
cause the necessity of synchrotron facilities to deliver the re-
quired radiation seems not to be a prerequisite anymore and
producing circularly polarized VUV radiation from laser-based
high-harmonic sources is still a technological challenge.[23, 24]

From a scientific point of view the REMPI nature of the process
can be used to explore the nuclear and electron dynamics of
the intermediate resonance in the future with the help of co-
herent control techniques.[25] Within that context femtosecond
time-resolved photoelectron spectroscopy[26, 27] has been used
to study nuclear dynamics[26, 28] as well as changes in the elec-
tronic structure[29] on electronically excited molecular states.
Direct control of charge oscillations for molecular excitation[30]

as well as the generation and detection of atomic ring cur-
rents[31] has been demonstrated. In addition, it has been
shown that polarization-shaped laser pulses give access to the
vectorial aspects of light–matter interaction[32] and that the
momentum distribution of photoelectrons resulting from mul-
tiphoton ionization with polarization-shaped laser pulses can
be crafted in a sophisticated fashion[33] and detected with the
help of tomographic reconstruction methods.[34] On atoms, the
combination of these techniques was recently used to perform
a complete photoionization experiment.[35]

As prototypes, the enantiomers of camphor and fenchone
have been chosen in our original study because their normal
CD as well as their PECD has been studied extensively using
VUV one-photon ionization.[10–13, 16, 19] The results on camphor
have been reproduced very recently with the help of coinci-
dence measurements[36, 37] and are reviewed also with respect
to one-photon ionization in Ref. [38] .

In this contribution we give a comprehensive account of our
PECD studies. We reproduce our results on camphor and fen-
chone[22] and extend them to norcamphor. In addition we
derive quantification measures for the PECD effect and present
an ellipticity study as well as an intensity study. The paper is
structured as follows:

We start by giving a brief overview of PADs resulting from
multiphoton ionization of isotropically distributed molecules
and derive different measures to quantify the PECD effect. A
detailed description and characterization of our experimental
set-up and the data evaluation is given next. In the same sec-
tion the measurement procedure and data evaluation is veri-
fied on (achiral) Xenon. With the help of the camphor proto-
type we discuss in detail the data acquisition, data evaluation
and application of different quantification measures. We con-

tinue with an ellipticity study of the PECD effect, where we
break the cylindrical symmetry of the photoelectron angular
distribution. We apply and discuss a tomographic reconstruc-
tion method to that end and compare for circularly polarized
light tomographic reconstruction to Abel inversion. With the
help of intensity studies we identify dissociative ionization as
the origin of the observed PECD effect and also present evi-
dence that the observed photoelectron signal stems from ioni-
zation of an intermediate resonance and not from ground-
state ionization. Next, a comparison to other recently pub-
lished results is given. We then discuss the PECD results from
chemically similar bicyclic ketones. There are pronounced dif-
ferences in the PECD despite the similarity of their chemical
structure. We end with a short demonstration of PECD as an
analytical tool to determine enantiomeric excess.

2. Quantification of Multiphoton PECD

In order to quantitatively describe the experimental results we
start by considering the general symmetry properties of the
photoelectron angular distributions and the corresponding
PAD images. The relevant physical quantity, that is, the three-
dimensional photoelectron density 1(x,y,z) is analysed and
quantitative measures are derived from the electron density. In
addition, their relation to the measured PAD images is
described.

Photoelectron angular distributions for a given excess
energy resulting from multiphoton ionization of isotropically
distributed molecules can be expanded into spherical harmon-
ics, which reduce to an expansion of Legendre polynomials Pl

for linearly (LIN) or circularly polarized light and corresponding
Legendre coefficients cl [Eq. (1)]:[39–43]

P Vð Þ /
Xlmax

l¼0

clPl cos Vð Þ½ � ð1Þ

These distributions P(V) are cylindrically symmetric. In the
LIN case the symmetry axis is the polarization vector and in
the cases of left (LCP) or right circularly polarized (RCP) light it
is the light propagation, that is, the k vector. V is the angle
measured between the symmetry axis and the ejection direc-
tion of the photoelectron (see Figure 1 for circularly polarized
light). Even Legendre polynomials are symmetric with respect
to the light propagation, taking the y-axis as mirror axis,
whereas odd Legendre polynomials are antisymmetric. With
reference to Yang’s theorem,[44] which was first applied to nu-
clear scattering processes, the maximum order of Legendre
polynomials in this sum is usually given as lmax = 2n where n is
the number of photons required for ionization (see Ref. [45]).
In single-photon ionization of atoms[46] or in case of isotropical-
ly distributed achiral molecules[47, 48] this expansion has to be
executed up to the second Legendre polynomial with no con-
tribution by P1.

In the case of randomly oriented chiral molecules and circu-
larly polarized single-photon ionization, the first Legendre
polynomial, that is, an odd-order Legendre polynomial has to
be considered additionally. The amplitude of this first-order
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Legendre polynomial has been numerically calculated[49, 50] and
experimentally determined with the help of PECD measure-
ments using synchrotron radiation.[10–16, 18–21, 51] As a matter of
parity conservation[52] this odd-order polynomial changes its
sign either on exchanging the enantiomer or the helicity of
light.

PADs containing high-order odd Legendre polynomials—
that alter sign by changing the enantiomer or helicity of
light—were recently observed.[22] They result from multiphoton
ionization of randomly oriented chiral molecules, using circu-
larly polarized femtosecond laser pulses.

We now turn to the topic of deriving quantitative measures
for multiphoton PECD. In an ideal experiment, a single mea-
surement on a specific enantiomer with one of the two helici-
ties would be sufficient for PECD determinations as changing
the helicity of light or the enantiomer only leads to a change
in sign of the odd polynomials. The even polynomials stay un-
changed. For example, with the help of VMI techniques, the
projection of a PAD from one enantiomer with circularly polar-
ized light of specific helicity could be measured. After an Abel
inversion[53] information on the contributing even and odd
Legendre coefficients could be derived. In a real experiment,
however, additional symmetric and antisymmetric parts in the
measured PAD images may arise due to experimental imper-
fections. Examples for such imperfections are detector inhomo-
geneities, off-center projections or inaccuracies in the circular
polarization states.

A first approach to reduce such imperfections is to measure
PAD images with LCP and RCP light from one enantiomer, fol-
lowed by the analysis of the PECD image.[10, 18, 49] If the laser
propagation is along the z-axis of a Cartesian coordinate
system and the spectrometer axis is parallel to the x-direction
(see Figure 1 and 2), the PECD image (PECD(y,z)) is [Eq. (2)]:

PECD enð Þ y; zð Þ ¼ ILCP
enð Þ y; zð Þ � IRCP

enð Þ y; zð Þ ð2Þ

where (en) denotes a given enantiomer (en = + /�) and will be
omitted if not explicitly necessary. The sign (+) or (�) refers to
the optical activity of the enantiomer used. I(y,z) is the PAD
image, that is, the projection of the three-dimensional momen-
tum distribution resp. electron density [see Figure 1 and
Eq. (5)] , for a given helicity. The PECD images resulting from
both enantiomers are mirror images of one another (with the
y-axis as the mirror axis): PECD(+)(y,z) = PECD(�)(y,�z).

The measured PAD images can be decomposed into
a gerade (g) and ungerade (u) part I(y,z) = Ig(y,z) + Iu(y,z), defined
by Ig(y,�z) = Ig(y,z) and Iu(y,�z) =�Iu(y,z). Due to parity conserva-
tion (see above), a change in the helicity of the photon or an
exchange of the enantiomer implies a change of sign only in
the ungerade part : ILCP

uð Þ y; zð Þ ¼ �IRCP
uð Þ y; zð Þ or

ILCP
þ;uð Þ y; zð Þ ¼ �ILCP

�;uð Þ y; zð Þ. Due to the cancellation of the gerade
part Ig(y,z) it follows from Equation (2) that an ideal PECD
image exhibits a pure antisymmetric character [Eq. (3)]:

PECD y; zð Þ ¼ 2ILCP
u y; zð Þ ð3Þ

Note that the decomposition operation is linear. It can also
be executed on the PECD images. In an ideal experiment the
PECD image of one specific enantiomer possesses no gerade
part, that is, PECDg(y,z) = 0 and therefore PECD(y,z) = PECDu(y,z).
Thus, for a real experiment one should consider the antisym-
metric part of a PECD image [PECDu(y,z)] . Remaining imperfec-
tions can be significantly reduced further by applying the dif-
ference of the PECD images (DPECD) of both enantiomers[22, 37]

[Eq. (4)]:

DPECD¼ PECD þð Þ y; zð Þ � PECD �ð Þ y; zð Þ
¼ 2PECD þ;uð Þ y; zð Þ ¼ 4ILCP

þ;uð Þ y; zð Þ
ð4Þ

In the following, the PECD effect will be discussed in terms
of the properties of the relevant physical quantity, that is, the
three-dimensional photoelectron (momentum) distribution
which is described by the electron density 1(x,y,z), see Figure 1.
Consider the ionization of randomly oriented molecules using

circularly polarized light propagating along the z-direction ~k ~zk .
r is the radial distance from the origin, related to the excess
energy of the photoelectrons. As introduced above, V is the
polar angle between the electron emission and the laser pulse
propagation direction. f is the azimuthal angle about the z-
axis. Since the density 1 x; y; zð Þ ¼ 1̂ r;V;fð Þ is cylindrically
symmetric, that is, independent of f, we can restrict the con-
siderations to 1 0; y; zð Þ ¼ 1̂ r;Vð Þ, which is described by Equa-
tion (8), where the angular distribution P(V) was introduced in
Equation (1). Although 1(x,y,z) and 1̂ r;V;fð Þ describe the same
density using different coordinates, we emphasize by the nota-
tion that they are represented by different mathematical
functions.

In a VMI set-up, the emitted photoelectron distribution is
Abel-transformed (A) onto a detector surface. Therefore, the
measured PAD image I(y,z) is described by integration of
1(x,y,z) along the x-axis [Eq. (5)]:

I y; zð Þ ¼
Z 1

�1
1 x; y; zð Þdx ð5Þ

Figure 1. Measured PAD image I y; zð Þ ¼ Î r;Vð Þ, resulting from an Abel trans-
formation of the PAD, namely the photoelectron density
1 x; y; zð Þ ¼ 1̂ r;V;fð Þ corresponding to a three-dimensional momentum dis-
tribution and cut through the density 1 0; y; zð Þ ¼ 1̂ r;Vð Þ, that is, the Abel-
inverted image.
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By applying the inverse Abel transformation (A�1) on the
measured PAD image I(y,z), a section through the initial distri-
bution at x = 0 is obtained, that is, the Abel-inverted image
1 0; y; zð Þ ¼ 1̂ r;Vð Þ ¼ A�1I y; zð Þ. Integration over the whole dis-
tribution yields the total photoelectron signal T [Eqs. (6)]:

T ¼
Z 1

�1

Z 1

�1

Z 1

�1
1 x; y; zð Þ dx dy dz

¼
Z 1

�1

Z 1

�1
I y; zð Þ dy dz ð6aÞ

¼ 2p

Z
p

0

Z 1

0
1̂ r;Vð Þr2 sin Vð Þ dr dV ð6bÞ

This integration can either be performed by two-dimension-
al integration over the PAD image [Eq. (6 a)] or integration over
the Abel-inverted image [Eq. (6 b)] . For measured PECD effects,
asymmetries are expected to arise with respect to the light
propagation. Therefore the total signals in forward direction (F)
and backward direction (B) have to be considered. These total
signals can be obtained from Equation (6) via integration over
the respective hemisphere. Again, the integrations can be exe-
cuted equivalently, using the Abel-inverted image or the PAD
image [Eq. (7)]:

F¼ 2 p

Z
p=2

0

Z 1

0
1̂ðr,VÞr2 sin Vð Þ dr dV

¼
Z 1

0

Z 1

�1
I y; zð Þ dy dz

B¼ 2 p

Z
p

p=2

Z 1

0
1̂ðr,VÞr2 sin Vð Þ dr dV

¼
Z

0

�1

Z 1

�1
I y; zð Þ dy dz

ð7Þ

For the subsequent discussion we assume that the Abel-in-
verted image 1̂ r;Vð Þ can be separated into a radial part f(r)
and an angular part P(V) [Eq. (8)]:

1̂ r;Vð Þ ¼ f rð ÞP Vð Þ ð8Þ

This separation is justified if the photoelectrons originate
from a single ionization channel or from ionization channels
that are sufficiently separated in the kinetic energy of the
electrons.

Since the Legendre polynomials are ungerade functions for
odd values of l and gerade functions for even values of l, the
Abel-inverted image 1̂ r;Vð Þ can be decomposed into its un-
gerade and gerade contributions in the following way [Eq. (9)]:

1̂ r;Vð Þ¼ 1̂g r;Vð Þ þ 1̂u r;Vð Þ

¼ f rð Þ
X

leven

clPl cos Vð Þ½ �
 

þ
X

lodd

clPl cos Vð Þ½ �
!

ð9Þ

The symmetry properties of the Legendre polynomials
Pl[cos(V)] are considered with respect to V= p/2 because the
function cos(V) is ungerade with respect to this angle. In the
PAD images, this corresponds to the symmetry in forward

[V2(0,p/2) or z>0] and backward [V2(p/2,p) or z<0] direc-
tion, that is, with y-axis being the mirror axis.

Whereas for the detailed comparison to theory knowledge
about the individual amplitudes of all contributing Legendre
polynomials is required, for many practical applications a quan-
tification of the PECD images with a single number would be
desirable.

A straightforward method is based on an extension of one-
photon PECD quantifications.[10] In the one-photon ionization
case the PECD effect has been quantified by taking twice the
difference between forward and backward emission of the
photoelectrons normalized to the mean intensity per hemi-
sphere, that is, half of the total signal.[10] The factor two arises
because in the one-photon case the maximum effect is ob-
served in the exact forward and backward direction (V= 08
and 1808). This measure has been extended to the multipho-
ton case.[37, 38] We refer to those definitions and define the
linear PECD (LPECD) in the same way as LPECD ¼ 2 F�Bð Þ

T=2 . To eval-
uate this measure we start by expressing the total signal de-
fined in Equation (6) in terms of Legendre coefficients using
Equations (8) and (1), as shown in Equation (10):

T¼ 2 p

Z 1

0
f rð Þr2dr

Z
p

0
P Vð Þ sin Vð Þ dV

¼ 2 pR
X

l

cl

Z
p

0
Pl cos Vð Þ½ � sin Vð Þ dV

¼ 4 pRc0

ð10Þ

where R is defined as the radially integrated signal
R ¼

R1
0 f rð Þr2dr. Note that only c0 determines the total signal.

In the same way it follows for the total signal in forward direc-
tion, as shown in Equation (11) [also see Eq. (7)]:

F ¼ 2 pR c0 þ
X

lodd

plcl

 !
¼ 2 pR c0 þ soddð Þ ð11Þ

and analogously for the backward direction, as shown in
Equation (12):

B ¼ 2 pR c0 � soddð Þ ð12Þ

where the weights pl in the sum are obtained analytically by
Equation (13):

pl¼
Z p

2

0
Pl cos Vð Þ½ �sinðVÞdV

¼
1 for l ¼ 0

0 for even l > 0

�1ð Þ
l�1

2
l!!

l lþ1ð Þ l�1ð Þ!! for odd l

8
>><

>>:

ð13Þ

and sodd ¼
P
lodd

plcl is introduced as a short-hand notation. A de-

composition of F and B into gerade and ungerade components
results in Equation (14):
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Fg ¼ 2 pRc0 ¼
T
2
¼
Z 1

0

Z 1

�1
Ig y; zð Þ dy dz ¼ Bg ¼

1
2

F þ Bð Þ

ð14Þ

and Equation (15):

Fu ¼ 2 pRsodd¼
Z 1

0

Z 1

�1
Iu y; zð Þ dy dz ¼ �Bu ¼

1
2

F � Bð Þ

¼ 1
2

Z 1

0

Z 1

�1
PECDu y; zð Þ dy dz

ð15Þ

As introduced above, we can now write for the LPECD
[Eq. (16)]:

LPECD¼ 2 F � Bð Þ
T=2

¼ 8Fu

T
¼ 4sodd

c0

¼ 4
R1

0

R1
�1 PECDu y; zð Þ dy dz

1
2

R1
�1
R1
�1 ILCP y; zð Þ þ IRCP y; zð Þ½ � dy dz

ð16Þ

From an experimental view it is equivalent to use
LPECD ¼ 4 FPECD�BPECD

TLCPþTRCP , where FPECD (BPECD) describes the PECD in
forward (backward) direction.

Thus, it can also be derived from the experimentally ob-
tained ungerade part of the PECD image that is, PECDu(y,z). As
the measured PAD images I(y,z) and the PECDu(y,z) are related
to the Abel inversion, Equation (16) can also be expressed by
the coefficients of the Legendre polynomials (see above)
[Eq. (17)]:

LPECD¼ 1
c0

2c1 �
1
2

c3 þ
1
4

c5 �
5

32
c7 þ :::

� �

¼ 4
c0

X

lodd

plcl

ð17Þ

where cl are the amplitudes of the contributing Legendre poly-
nomials in the angular part, see Equation (1). In contrast to
one-photon ionization, where Equation (17) reduces to
LPECD1�hw ¼ 2c1=c0,[10] higher-order modulations, that is, higher
orders of odd coefficients result in the multiphoton case. In
cases where the odd coefficients in the alternating sum in
Equation (17) change sign, the absolute value of the LPECD is
maximized when higher-order odd components are taken into
account. Such behaviour could be rationalized, as multiphoton
ionization with light of a given helicity is expected to increase
the overall asymmetry. This behaviour is nicely reflected in the
data (see Tables 2 and 4).

However, this LPECD may not be a suitable criterion to
quantify chiral effects in general as this quantity can become
zero if the signals F and B are the same although the PAD
images are different for the two enantiomers. If expressed in
terms of the amplitudes in the contributing Legendre polyno-
mials, this will correspond to a case where the alternating sum
of the odd coefficients in Equation (17) becomes zero. This
might happen due to the nature of possibly involved different
ionization processes in multiphoton excitation and ionization

schemes or due to the contribution of different conformers[54]

[see also comment to Eq. (8)] .
In order to avoid the abovementioned cancellation effects

we propose two further methods based on the analysis of
gerade and ungerade contributions to the PAD.

In a first approach we decompose the Abel-inverted image
1̂ r;Vð Þ into its gerade and ungerade part according to Equa-
tion (9). We then analyse the square root applied to the ratio
of the integral of the squared ungerade part 1̂2

u r;Vð Þ and the
square of the full Abel-inverted image 1̂2 r;Vð Þ as a measure
for the circular dichroism. We define the total signal for the un-
gerade contribution as Equation (18):

U2¼
Z

2p

0

Z
p

0

Z 1

0
1̂u r;Vð Þ½ �2r2 sin Vð Þ dr dV df

¼ 2 p

Z 1

0
f rð Þ½ �2r2dr

Z
p

0
Pu Vð Þ½ �2sin Vð Þ dV

¼ 2 pR2

Z
p

0
Pu Vð Þ½ �2sin Vð Þ dq ¼ 2 pR2

X

lodd

2
2lþ1c2

l

ð18Þ

where
Pu Vð Þ½ �2¼

P
lodd

Pl cos V½ �
� �2¼

P
lodd

P
l
0

odd
clPl cos V½ �cl0Pl0 cos V½ �.

Due to the orthogonality of the Legendre polynomials,R
p

0 Pl cos Vð Þ½ �Pl0 cos Vð Þ½ � sin Vð Þ dV ¼ 2
2lþ1 dll0 was used to evalu-

ate the angular integral and the radial integral is defined as
R2 ¼

R1
0 f rð Þ½ �2r2dr. Hence, the expression for the squared un-

gerade part and analogously for the gerade signal and the
total signal is given by Equations (19) and (20):

U2 ¼ 2 pR2
X

lodd

2
2lþ1c2

l ð19Þ

G2 ¼ 2 pR2
X

leven

2
2lþ1c2

l ð20Þ

and Equation (21):

T 2 ¼ U2 þ G2 ¼ 2 pR2
X2n

l¼0

2
2lþ1c2

l ð21Þ

With regard to the Legendre coefficients we obtain a quad-
ratic PECD (QPECD) measure as Equation (22):

QPECD ¼
ffiffiffiffiffi
12
p U

T ¼
ffiffiffiffiffi
12
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
lodd

c2
l

2lþ1P
2n
l¼0

c2
l

2lþ1

vuut

�
ffiffiffiffiffi
12
p

c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

lodd

c2
l

2l þ 1

s ð22Þ

where the factor
ffiffiffiffiffi
12
p

is introduced to enable agreement with
the LPECD for the single-photon case. In addition, the denomi-
nator in Equation (22) was simplified by taking the weight fac-
tors of 1

2lþ1 into account, as the proportion of c0 is greater than
all the other contributions in the denominator.

This QPECD measure cannot be extracted directly from the
measured data. An Abel inversion is required to obtain the
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Legendre coefficients and to calculate the QPECD. Therefore,
a second, more practical method can be justified in the follow-
ing way: in many cases an Abel inversion or a distinct assign-
ment of Legendre coefficients cannot be performed due to
lack of symmetries, for example, when elliptically polarized
light is used. A pure summation over the total PECDu image
will return zero due to the antisymmetric character. Thus, anal-
ogously to the motivation of the abovementioned method, in
order to avoid undesired cancellation effects, we suggest eval-
uating the power PECD measure (PPECD) as the square root of
the ratio of the integrated squared antisymmetric PECD image
and the total squared signal [Eq. (23)]:

PPECD ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR1
�1
R1
�1 PECDu y; zð Þf g2 dy dzR1

�1
R1
�1 ILCP y; zð Þ þ IRCP y; zð Þf g2 dy dz

s
ð23Þ

An additional factor of two was introduced to obtain similar
values as in the case of LPECD and QPECD in the limit of one-
photon ionization. Note that all defined quantities belong to

different normalization procedures regarding the total signal
when expressed in %.

The three different measures will be applied to our experi-
mental results on camphor, fenchone and norcamphor.

Experimental Section

The experimental set-up is sketched in Figure 2. Femtosecond laser
pulses of 25 fs pulse duration [full width at half maximum (FWHM)
of the intensity] at a central wavelength of 795 nm and a pulse
energy of 800 mJ are provided by an amplified 1 kHz Ti:sapphire
laser system (Femtolasers Femtopower Pro). A nonlinear crystal
(b-BBO, 100 mm thickness, Dayoptics, Inc.) is used to generate the
second harmonic (SHG). The SHG laser pulses, centred at 398 nm,
have approximately a Gaussian shape and a spectral width of
9 nm. A prism compressor realized in a double-pass configuration
consisting of two fused silica prisms is used for the dispersion
compensation of the SHG laser pulses.[55] In situ dispersion com-
pensation is achieved by maximization of the multiphoton ioniza-
tion of Xenon atoms. Assuming a Gaussian temporal profile, we es-
timate a bandwidth limited pulse duration of 25 fs in the interac-

tion region. The laser beam is fo-
cussed with a lens of 200 mm focal
length into the spectrometer and
intersected with the specimen
beam provided by an effusive gas
inlet. The laser focus was mea-
sured with a beam profiling CCD
camera (WinCamD, DataRay Inc.). A
mean focal spot size radius of
about 40 mm
(1/e2 of intensity profile) was ob-
tained. At 2.5 mJ pulse energy this
leads to a peak intensity of about
I0 = 4 � 1012 W cm�2 assuming Gaus-
sian profiles in time and space.
The peak intensity is also in ac-
cordance with measured pondero-
motive shifts observed in the ioni-
zation of Xenon atoms at the
given conditions (see Section 3.1.3.
and Figure 10). At I0 the Keldysh g

parameter for a small chiral mole-
cule with an IP in the range of
10 eV�2 eV is larger than eight,
hinting to a multiphoton regime.
A continuous gas flow to the inter-
action region is provided via the
effusive gas inlet. This inlet ends
with a copper tube of 0.3 mm
inner diameter. It is placed 5 mm
in front of the laser focus, perpen-
dicular to the laser beam and per-
pendicular to the spectrometer
axis. The chiral substances are
filled in glass cylinders embedded
in a heatable water bath outside
the vacuum chamber. The com-
plete effusive gas inlet is heated
exceeding 60 8C to avoid conden-
sation. Typical chamber pressures
during measurements were in the
order of 10�6 mbar. A home-built

Figure 2. Experimental set-up with beam path and imaging spectrometer: Femtosecond laser pulses at 1 kHz rep-
etition rate are frequency doubled in a nonlinear crystal to achieve pulses centred around 398 nm (SHG). A prism
compressor is used for dispersion compensation, in situ in the interaction region of the focused laser beam (L:
lens) and a specimen beam from an effusive gas inlet (EG). A pulse duration of approximately 25 fs and a pulse
energy of 2.5 mJ result in a peak intensity I0 of about 4 � 1012 W cm�2. The quarter-wave plate (QWP) converts line-
arly polarized (LIN) laser pulses (P: polarizer) for instance into left circular (LCP) or right circular polarization (RCP).
Dependent on the angle between the fast axis (F) and the polarization axis of the incoming light, elliptical polari-
zation of different helicity is obtained. The spectrometer is used to record images I(y,z) of projections of three-di-
mensional photoelectron angular distributions (PADs) via an imaging multi-channel plate assembly (MCP) and
a CCD camera. Alternatively ion time-of-flight (TOF) mass spectra are recorded via a capacitive coupled output.
The inset shows for (S)-(�)-camphor using LCP light a typical ion TOF spectrum with little fragmentation (parent
ion at 152 u) and the corresponding PAD image [ILCP

�ð Þ y; zð Þ] . For the PAD image the angle of the photoelectron
emission V is measured with respect to the propagation direction of the light. The radius r is proportional to the
square root of the excess energy.

ChemPhysChem 2015, 16, 115 – 137 www.chemphyschem.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim120

Articles

http://www.chemphyschem.org


spectrometer[31] is used either to record PAD images I(y,z) in VMI[56]

mode or, by changing the polarity of the electrostatic lens, to mea-
sure mass spectra in Wiley-McLaren[57] time-of-flight (TOF) mode.
The imaging detector (SI-Instruments GmbH model S3075-10-I60-
PS-FM, 75 mm effective diameter) consists of two microchannel
plates (MCP) in a Chevron configuration with a phosphor screen
deposited on a fiber optic. The signals on the phosphor screen are
imaged with a 1.4 million pixel 10 bit CCD-camera (Lumenera Cor-
poration model Lw165m). As introduced in Section 2, the obtained
PAD images I(y,z) are Abel-projected (A) three-dimensional PADs
1(x,y,z) and are given in the following as a function of radius r and
angle V. In an Abel-inverted image the velocity of the photoelec-
trons, and therefore the corresponding radius r, increases from the
centre of the distribution to the edge and is proportional to the
square root of the excess energy. For energy calibration or equiva-
lently momentum calibration of the VMI spectrometer we use the
third harmonic of a nanosecond Nd:YAG laser at 355 nm to ionize
Xenon atoms in a 3+1 REMPI process. The corresponding PADs in
the (Xe II 2P3/2 and Xe II 2P1/2) continua are not ponderomotively
shifted[58] by the nanosecond laser pulses and are therefore well-
defined in energy.[59] The radius-to-energy calibration is performed
on the Abel-inverted data. Using the mentioned Nd:YAG laser, ad-
ditional calibration energies were obtained from ionization of re-
sidual water and five-photon ionization of krypton (Kr II 2P3/2 and
Kr II2P1/2). Taking the zero-energy photoelectrons at the centre of
the image into account, we obtained six calibration points from
0 eV to 3.5 eV. The measured resolution for the spectrometer set-
tings used in the presented measurement is better than 80 meV
FWHM at an energy of about 0.5 eV. Signals from time-of-flight
mass spectra (TOF-MS) are extracted via a capacitive coupled
output from the high-voltage power supply of the phosphor in-
cluded in the imaging-assembly (indicated in Figure 2) and are re-
corded using a digital oscilloscope (Teledyne LeCroy model
LC564DL) with a time resolution of 0.5 ns. The TOF-MS are calibrat-
ed with the help of the Xenon isotopes and a signal from residual
water. The achieved mass resolution m/Dm is about 250.
Initially, the polarization of the incoming SHG light is LIN with the
polarization axis perpendicular to the spectrometer axis and thus
coplanar to the detector surface. To clean up the linear polarization
further we use a dichroitic UV polarizer (CODIXX). An achromatic
quarter-wave plate (QWP) (B. Halle Nachfl.) generates either left
(LCP) or right circularly polarized (RCP) light, if the fast axis is ad-
justed 458 or 1358, respectively, to the polarization axis. In the ex-
periment, this angle is measured looking in the direction of the
laser propagation in a mathematically positive sense (see Figure 2).
All other angles between the fast axis and the polarization axis
result in elliptically or linearly polarized light. A referenced QWP (B.
Halle Nachfl.) was used to confirm the direction of the fast axis.
The helicity and the handedness of the light is assigned using the
optical convention,[60] where Powis suggested to use this conven-
tion also for PECD studies.[18] In this convention the light is defined
by the rotation of the electric field vector with time looking to-
wards the light source. A clockwise direction is termed RCP light.
The degree of polarization is determined by using an additional
polarizer after the QWP measuring the transmitted laser intensity.
For instance, at LCP and RCP the resulting curves show the same
shape (see Figure 7 third row right image). The derived value of
the Stokes S3 parameter[60–62] is jS3 j = 99 % (further details are
given in the Supporting Information SI4). No net stress-induced bi-
refringence was observed through the laser entrance and exit
window of the vacuum chamber. Nevertheless, a contribution in
the interaction region cannot be excluded.
In the measurements, the PAD images are recorded using different
polarizations of the ionizing laser pulses for example, LIN, LCP, RCP

or a certain elliptical polarization. In the presented PAD images the
laser propagation direction is always from left to right (see
Figure 2). Potential small drifts in the set-up, such as laser intensity
fluctuations and pressure variations may result in an undesired
offset that could arise when two PAD images are compared by
subtracting them. To minimize such effects, a stepper motor is
used to rotate the QWP to switch between two subsequent meas-
urements of the desired polarizations, for example, LCP and RCP,
back and forth 50 times. A measurement of two PAD images with
different polarizations takes around 15 min for the data presented
in this contribution and contains an average of about 300 000 laser
pulses. The related electron-count statistics for one PAD measure-
ment are dependent on the studied specimen and therefore on
the ionization process. Such statistics are presented as an example
in the discussion of our results on camphor.
Before evaluation and with respect to the arbitrary signal levels
from the CCD camera, each recorded PAD image Iraw(y,z) is normal-
ized after smoothing by the averaged signal T [corresponding to
Eq. (6)] . Photoelectrons below 0.02 eV have not been considered
for this normalization because they seem to stem from other ioni-
zation processes (see Section 3.1.3.). However, the normalization is
not significantly influenced by omitting these low-energy photo-
electrons. In order to facilitate visual comparison of data sets from
different substances one additional scaling factor ssubst for each
substance was applied on ILIN(y,z), ILCP(y,z) and IRCP(y,z) such that the
signal height at FWHM corresponds to unity in the colour coding.
I y; zð Þ ¼ 1

T ssubstIraw y; zð Þ, for the bicyclic ketones that is, scamphor =
0.67, sfenchone = 0.67 and snorcamphor = 0.91. This scaling factor is irrele-
vant for the following quantitative analysis. Additional factors (that
are not used for the quantitative analysis given below) to compare
PAD images from linearly and circularly polarized light on one
colour scale are given Figures 3 and 4.
In general, the ionization pathways in a REMPI experiment and
hence the shape of the three-dimensional PAD is dependent on
the polarization. This was demonstrated with the creation and to-
mographic reconstruction of designer electron wave packets re-
sulting from REMPI of potassium atoms with polarization-shaped
laser pulses.[31, 33, 34] In the experiment presented here LIN, LCP and
RCP light is used as well as elliptically polarized light. As men-
tioned in Section 2, for LIN the free-photoelectron wave packets
are cylindrically symmetric with respect to the laser polarization. In
the case of LCP or RCP, the free-photoelectron wave packets also
possess such a cylindrical symmetry, but with respect to the laser
propagation direction (k-vector) (see Figure 2). These are the polar-
ization states where an Abel inversion can be performed. This in-
verse Abel transformation can be used to obtain a slice through
the equatorial plane of the PAD, that is, the Abel-inverted image.
In our geometry, this slice is both parallel to the detector plane
and coplanar to the k-vector (see Figure 1). It includes all necessary
information about the initial three-dimensional object, for example,
the excess energies, and especially the angular distributions ac-
cording to Equation (1) and detailed in Section 2. To extract that in-
formation we use an adapted version of the pBasex-algorithm.[53]

As the observed PAD images exhibit no sharp features, they are
downscaled from 1.4 million pixel and polarly mapped in one oper-
ation to 180 � 200 pixel (angle V and radius r with an angular step
size of DV= 28) before execution of the pBasex. For symmetry rea-
sons, the pBasex is performed only on one half-sphere of the PAD
image, making use of the average of the upper and lower half-
spheres, that is, performing a symmetrization with respect to the
k-vector. The pBasex algorithm delivers an Abel-inverted density
expanded into a sum of Gaussian distributions modulated by Leg-
endre polynomials as described in Equation (24). We used
100 spherical Gaussian distributions with their centre points rk in
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steps of 2 pixel. Each Gaussian has a width s of 2 pixel and is mul-
tiplied by a sum of 4 even and 4 odd Legendre polynomials.
Higher-order Legendre polynomials are additionally considered,
but do not contribute significantly. Note that from the general con-
siderations given above concerning a three-photon process, the
decomposition into 3 even and 3 odd components should be suffi-
cient. We decided to include higher orders for an unbiased data
evaluation.

1̂ r;Vð Þ ¼
Xk¼100;l¼8

k;l¼0

ckl e
� r�rkð Þ2

s Pl cos Vð Þ ð24Þ

The offset for each radial set of coefficients is determined by the
coefficient of the zero-order Legendre polynomial ck0. The coeffi-
cients ckl of each radius rk and the different orders l of the corre-
sponding Legendre polynomials are obtained from the pBasex al-
gorithm. Using these coefficients, a radial dependent weighting
�ckl ¼ ckl r

2
k was applied in order to reconstruct the initial three-di-

mensional density [see also Eq. (6b) and Ref. [53]] .
Before we proceed with our results on chiral molecules, we present
the experimental procedure on achiral Xenon atoms. First we mini-
mized residual asymmetries in the projection of the PADs onto the
detector surface, which are not related to the polarization of the
light. To that end, we recorded images from multiphoton ioniza-
tion of Xenon with 398 nm LIN light and compensated perturbing
magnetic fields with the help of Helmholtz coils surrounding our
spectrometer to yield symmetric PAD images (see Figure 3 top
row, left image). The measured PAD images for LIN, LCP and RCP
light at 1.8 I0 are also shown in Figure 3. The total PAD signal T of
the LIN-PAD image is approx. 50 % higher than the total signals
from the LCP- and RCP-PAD images, also in accordance with the in-

tegrated TOF signals. Regarding the ionization with LIN, the PAD
image [ILIN(y,z)] exhibits contributions with p- and f-type symmetries
(see also Ref. [63, 64]). A mirror axis can be chosen through the
centre of the PAD image coinciding with the direction of the linear
polarization (see Figure 3). Ionization with LCP or RCP light results
in toroidally shaped structures that are also symmetric. After the
absorption of four photons, the excess energy of the electron dis-
tributions originating from ionization into the lower fine structure
Xe II 2P3/2 state[65] is expected to be at approximately 0.33 eV. In our
measurements at 1.8 I0, this excess energy peaks at �0.25 eV. This
energy difference of about 80 meV is attributed to a ponderomo-
tive shift of the ionization potential[58] and confirms the determina-
tion of our I0 (see also Figure 10). A consistent ponderomotive shift
was observed in a range from 0.5 I0 up to 3 I0. The difference
image of the PAD images [ILCP(y,z)�IRCP(y,z)] is shown in the left
lower row of Figure 3. This difference corresponds to the PECD as
described in Equation (2). The PECD image of Xenon shows a sym-
metrical shape with respect to the indicated mirror axis in Figure 3.
A decomposition of the PECD image [PECD(y,z)] in its symmetric
and antisymmetric part [PECDg(y,z), PECDu(y,z)] was performed by
1808 back-folding along the z-axis as well as with respect to the
mirror axis perpendicular to it. The antisymmetric part was ob-
tained by subtracting the symmetrized part from the original PECD
image. There are no structured antisymmetric components visible
as expected and the PECD is dominated by the symmetrical contri-
butions that are attributed to residual optical imperfections of our
set-up.

3. Results and Discussion

So far, we have demonstrated on achiral Xenon atoms that our
experimental set-up is not creating structured antisymmetric
components in a typical PECD experiment. We now proceed to
give a detailed account of the quantification of the experimen-
tal multiphoton PECD, taking the camphor molecule as a proto-
type. To that end, we initially describe the raw images ob-
tained with LIN, LCP and RCP light. Secondly, we discuss PECD
and DPECD on the raw data as well as on Abel-inverted data
sets. We quantify these results with respect to the three meas-
ures introduced in Section 2 and end this section by analysing
the PECD with elliptically polarized light. In the latter case,
only the power PECD can be applied for quantification. In addi-
tion to that, we use our tomographic reconstruction method
to obtain a three-dimensional PECD. We show that for circular-
ly polarized light this method delivers similar odd Legendre co-
efficients as compared to the Abel inversion and discuss results
from elliptical polarization where due to a lack of symmetry an
Abel-inversion is not possible. In order to study the role of an
intermediate resonance and possible origins of the PECD
effect, we investigate intensity-dependent measurements. The
results reveal dissociative ionization as the origin of the ob-
served PECD effect, whereas ionization of the intermediate res-
onance is dominating the signal. After gathering all this infor-
mation, we compare the quantification results on camphor of
this contribution with our previous contribution[22] and with re-
cently published data from Janssen and co-workers.[37] Finally,
we present and discuss our PECD results obtained from the
family of the bicyclic ketones, that is, camphor, fenchone and
norcamphor. At the end, a comparison of the PECD on an

Figure 3. PAD images [I(y,z)] of xenon, ionized with 398 nm laser pulses at
a peak intensity of 1.8 I0. Upper row: Ionization with LIN, LCP and RCP light,
respectively. The energy distribution corresponds to the Xe II 2P3/2 ionic state
and peaks at approx. 0.24 eV. The laser propagation k is from left to right, as
indicated by an arrow. A scaling factor of 0.4 is used for the colour scale of
the LIN-PAD image for comparison with the less intense LCP- or RCP-PAD
images (see text). The image above the diagonal to the RCP-PAD image
shows the Abel-inverted image with calibrated scales of energy and momen-
tum. For convenience the pz and py axis are given in SI units and atomic
units, respectively. Lower row: Difference signal of the PAD images measured
with circularly polarized light by taking the LCP-PAD image minus RCP-PAD
image [PECD(y,z)] and decomposition in its symmetric and antisymmetric
part [PECDg(y,z), PECDu(y,z)] , derived via 1808 back-folding (along the z-axis
as well as with respect to the mirror axis perpendicular to it, shown by the
dashed line in the middle image). The PECD image of xenon appears with-
out any structured antisymmetric components with respect to the mirror
axis [chosen that I(y,z) = I(y,�z), dashed line]. Remaining symmetrical parts in
the difference could be due to residual optical imperfections of our set-up.
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enantiomer of norcamphor to the PECD of a racemic mixture
will be presented, hinting at the analytical sensitivity that
could be obtained in the future.

3.1. Quantification of Multiphoton PECD on the Camphor
Prototype

Details of the chemical sample and the excitation scheme are
given in the next section together with the analysis of the
other bicyclic Ketones. The PAD images from camphor after
three-photon ionization with 398 nm laser pulses at a peak in-
tensity of I0 are shown in Figure 4. For every laser pulse we
measured approximately 50 photoelectrons at I0. Each PAD
image (see Figure 4) contains an average of about
300 000 laser pulses and comprises an electron count in the
107 range. They are mainly concentrated at the excess energy.
We therefore neglect errors based on counting statistics.

From ionization with LIN light, the PAD images of (R)-
(+)-camphor and (S)-(�)-camphor are symmetrical with respect
to the laser propagation, defined by ~k. The corresponding
mirror axis (see Figure 4) is perpendicular to it. These PAD
images do not exhibit features that can be used to distinguish
between both chiral enantiomers. The total PAD signal T of the
LIN-PAD image is approx. 15 % weaker than the total signals
from the LCP- and RCP-PAD images, also matching the inte-
grated TOF signals of the parent ions at comparable fragment-
to-ion ratios.

In contrast to the LIN-PAD image, the PAD images, measured
with circularly polarized light, reveal signal asymmetries with
respect to the light propagation direction. The PAD image of

(R)-(+)-camphor with LCP light (ILCP
þð Þ y; zð Þ) possesses more

signal in the forward direction than in backward direction. The
reversed case is found by using RCP light (IRCP

þð Þ y; zð Þ). In this
measurement, more signal appears in backward direction than
in the forward direction. Changing from (R)-(+)-camphor to
(S)-(�)-camphor (shown in the second row of Figure 4) and
comparing the PAD images for LCP and RCP, ionization with
LCP light generates more signal in the backward direction
(ILCP
�ð Þ y; zð Þ) and RCP light more signal in the forward direction

(IRCP
�ð Þ y; zð Þ). As mentioned above, these changes, measured in

the PAD images by mirroring the helicity of the light or when
changing from right-handed to left-handed molecules, that is,
mirroring the molecule, are expected from a CD effect. The
effect is significantly larger than a conventional CD effect, as it
can already be noticed on the raw data. In our investigations
on the bicyclic Ketones presented in this contribution, a CD in
ionization[4, 5] plays only a minor role in comparison to the
PECD effect. Such a CD in the absorption would create differ-
ences evaluating the integrated TOF signals as well as the total
signal of the PAD images by comparing ionization using LCP
or RCP light and tends to decrease with increasing intensity
(see Ref. [66, 67]): For one enantiomer, for example, more
signal should be observed on ionization using LCP light. The
opposed case, namely more signal on ionization using RCP
light, should occur by exchanging the enantiomer. In our
measurements, differences in the total PAD signal T for LCP vs.
RCP are below 0.2 % for (R)-(+)-camphor and below 0.9 % for
(S)-(�)-camphor. However, in the data presented in this contri-
bution the RCP-PAD images deliver slightly more signal for
both enantiomers. A small CD in the ionization may be cov-
ered by such systematic characteristics of our set-up.

For the used polarizations, the total PAD signals T [see
Eq. (6)] for R- and S-camphor differ less than 4 % related to in-
accuracies in setting the pressures. These differences are
mainly covered by the normalization procedure described in
the Experimental Section.

In order to analyse the PECD effect, we plot the difference
of the PAD images measured with circularly polarized light,
that is, the PECD image from camphor. These results are dis-
played in Figure 5 (see left images of the first two rows). A dis-
tinctive asymmetry with respect to the forward/backward di-
rection is detected for both enantiomers. From visual inspec-
tion of the colour coding, this asymmetry is roughly in the
range of �10 %. However, the PECD images are not perfectly
antisymmetric. A decomposition into symmetric and antisym-
metric parts (shown in Figure 5 middle and right images) is de-
rived via 1808 back-folding (see above). The antisymmetric
parts [PECDu(y,z)] of (R)-(+)-camphor and (S)-(�)-camphor
(Figure 5, right images of the first two rows) reveal the expect-
ed behaviour of a CD, that is, a change of sign with respect to
the laser propagation direction, in case the enantiomer is ex-
changed (see below). These antisymmetric parts can be ex-
panded by using only odd Legendre polynomials, as these are
also antisymmetric with respect to the laser propagation direc-
tion (forward/backward direction to the k-vector), see also
Equation (9). Comparing both enantiomers, higher-order Leg-
endre polynomials appear and the contribution from the third

Figure 4. PAD images I(y,z) of camphor, ionized with 398 nm laser pulses at
a peak intensity of I0. Upper row: PAD images of (R)-(+)-camphor resulting
from ionization with LIN, LCP and RCP light, respectively [ILIN

þð Þ y; zð Þ, ILCP
þð Þ y; zð Þ

and IRCP
þð Þ y; zð Þ] . The laser propagation as indicated by an arrow is from left to

right. A scaling factor of 0.7 is used for the colour scale of the LIN-PAD
image for comparison with the LCP- and RCP-PAD images (see text). Ioniza-
tion with LIN light results in a PAD image that is symmetric with respect to
an axis (dashed line) perpendicular to~k that is, in forward/backward direc-
tion such that I(y,z) = I(y,�z). The PAD image obtained with LCP light possess-
es an asymmetry with respect to the light propagation that is, more signal
in forward direction as opposed to the PAD image for RCP light that exhibits
more signal in the backward direction. Lower row: PAD images for (S)-(�)-
camphor. Note the change in signal asymmetry in forward/backward direc-
tion. Differences in the total PAD signal T for LCP vs. RCP were below 0.2 %
for (R)-(+)-camphor and below 0.9 % for (S)-(�)-camphor.
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Legendre polynomial dominates the antisymmetric part of the
PECD image. Higher orders are expected in this experiment
due to the multiphoton nature of the ionization process. The
coefficients for the first and third order are of the same order
of magnitude but change sign by exchanging the R- with the
S-enantiomer. This alteration in the signs of odd polynomials
has been observed in one-photon ionization experiments,
where the first Legendre polynomial reversed its sign. Even
Legendre polynomials are symmetric in this respect and de-
scribe the remaining symmetric parts of the PECD images.
These symmetric parts are similar in sign and amplitude for
both enantiomers and therefore they may be attributed to ex-
perimental imperfections (see above). Moreover, they possess
the same sign and a comparable amplitude as observed in the
difference of the LCP- and RCP-PAD images from Xenon (see
Figure 3).

To further remove residual imperfections such as the above-
mentioned symmetrical parts, we consider—according to
Equation (4)—the DPECD(y,z), that is, the difference of the
PECD images. The subtraction of the PECD image of the S-

enantiomer from the PECD image of the R-enantiomer (see
Figure 5 third row, left image) removes these imperfections di-
rectly in cases where the enantiomeric purity is similar (see
below) or a racemic mixture is used as a reference. The result-
ing DPECD(y,z) consists mainly of antisymmetric components
(see Figure 5 third row) that are similar to the PECDu(y,z). This
experimental analysis underscores that the PECD effect only
appears in the antisymmetric (odd) components of the Legen-
dre polynomials which reverse sign when changing the helicity
of the light or the enantiomer.

After this qualitative discussion we now turn to a quantita-
tive analysis of the PECD using our pBasex algorithm. The
pBasex algorithm applied to the PAD images retrieves the in-
volved Legendre coefficients of the initial PAD (see the Experi-
mental Section). Because the Abel inversion is a linear opera-
tion the algorithm can be either used to invert the LCP- and
RCP-PAD images separately or to invert the PECD image direct-
ly. Equivalently, it can be executed separately on the symmetric
and antisymmetric parts of the decomposed PECD image.

Figure 6 shows the Abel-inverted PECD images
[A�1PECD(y,z)] from the data set of (R)-(+)-camphor and (S)-(�)-
camphor presented in Figure 5. The distribution in the Abel-in-
verted PECD images peaks at 0.52 eV excess energy as well as
the distributions of the inverted LCP- and RCP-PAD images
from Figure 4 (not shown). We therefore restrict our analysis
mainly on the FWHM of the energy distribution that is, a range
of approx. 0.43–0.66 eV. The retrieved Legendre coefficients cd

l

are an average of the retrieved and weighted �ckl values (see

Figure 5. PECD images PECD(y,z) and their decomposition into symmetric
and antisymmetric parts for camphor: Top row, left image: PECD image that
is, LCP-PAD image minus RCP-PAD image of (R)-(+)-camphor. Middle row,
left image: PECD image of (S)-(�)-camphor. On changing the enantiomer,
the asymmetry in forward/backward direction is reversed with respect to
the laser propagation. Top row, middle and right image: Decomposition of
the PECD image of (R)-(+)-camphor into symmetric and antisymmetric part,
derived via 1808 back-folding (along the z-axis as well as with respect to the
mirror axis perpendicular to it, that is, the dashed line in the middle image).
Middle row, middle and right image: Same for (S)-(�)-camphor. The antisym-
metric parts of (R)-(+)-camphor and (S)-(�)-camphor (right images) are
mirror images of one another respectively change sign on changing the
enantiomer. The mirror axis (dashed line) is perpendicular to~k. Bottom row:
Difference of the PECD images DPECD(y,z) from R and S enantiomers (left)
and the decomposition into their symmetric part (middle) and antisymmet-
ric part (right). Note that this DPECD(y,z) image contains mainly antisymmet-
ric components whereas the remaining residual instrumental symmetric
parts are small. For comparison on the same colour scale, the signals of the
images in the third row were multiplied by 0.5.

Figure 6. Abel-inverted PECD images A�1PECD(y,z) from the data set of cam-
phor shown in Figure 5. Calibrated scales of energy and momentum are
given in the right image in the top row. For convenience the pz and py axes
are given in SI units and atomic units respectively. The energy of the ob-
served maximum in the PECD distribution is at about 0.52 eV. The asymme-
try in forward/backward direction is visible in the PECD for (R)-(+)-camphor
and (S)-(�)-camphor. The A�1DPECD(y,z) shows that the symmetric parts
cancel where the asymmetric parts add to twice the signal. The values given
in Table 1 are averaged over the FWHM of the energy distribution.
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the Experimental Section) from the inversion algorithm within
the FWHM.

In the following we first extract the coefficients for LCP, RCP,
PECD, PECDu, DPECD and DPECDu directly from the data of the
images in Figures 4 and 5 and present the results in Table 1.

For a check of linearity and the overall performance of our
analysis, the coefficients for the PECD and the DPECD have ad-
ditionally been calculated directly from the cd

l values obtained
from LCP and RCP [columns two (R-camphor) and three (S-
camphor) in Table 1] and are listed in the Supporting Informa-
tion SI2 only for completeness as almost the same values were
obtained.

Subsequently, in a second step, to obtain representative co-
efficients for the calculation of quantitative measures (as intro-
duced in Section 2.) and for comparison to theoretical simula-
tions[37, 68] (see below), we average the coefficients from ioniza-
tion with LCP and RCP light (see Table 2).

Table 1 lists the cd
l values of the retrieved Legendre coeffi-

cients from both enantiomers of camphor. The averaged cd
l

values in the cases of LCP, RCP and PECD have been divided
by the mean of the averaged zero-order coefficients

cd;LCP=RCP=PECD
l ¼

P
FWHM

�cLCP=RCP=PECD
kl

1
2

P
FWHM

�cLCP
k0
þ
P

FWHM
�cRCP

k0ð Þ

� �
from ionization with

LCP and RCP light. This has been done for each enantiomer
separately. For DPECD and DPECDu, the values are normalized
by the mean of the �ck0 coefficients from the (+)- and (�)-enan-

tiomer cd;DPECD
l ¼

P
FWHM

�cDPECD
kl

1
4

P
FWHM

�cLCP
k0þþ
P

FWHM
�cRCP

k0þþ
P

FWHM
�cLCP

k0�þ
P

FWHM
�cRCP

k0�ð Þ

� �

and multiplied by 0.5 to facilitate comparison. These coeffi-
cients are also listed in Table 1.

For the cd
l values from LCP and RCP (column two and three

in Table 1) the significant odd-order components reverse sign

either on changing the helicity of the light or the handedness
of the molecule. In contrast, the coefficients of even-order pol-
ynomials are nearly identical. Differences in the zero-order co-
efficients obtained from ionization with LCP (cd;LCP

0 ) and RCP
light (cd;RCP

0 ) stem from the analysis of the FWHM region. These
differences in the retrieved values for c0 are attributed to small
differences in the ellipticity of LCP vs. RCP and remain as sym-
metric parts in the PECD image. They are not related to the dif-
ferences in the total signal T of the PAD images, which are
below 0.9 % and have been already normalized to the same
value (see the Experimental Section).

As already visible in the images when going from Figure 4
to Figure 5, taking the difference of both PAD images, that is,
creating the PECD image, reduces apparent experimental dis-
crepancies in the cd

l values as well. Comparing both enantio-
mers that are measured under the same conditions but are
evaluated independently, similar amplitudes for the contribu-
ting coefficients are observed in the PECD of R- and S-camphor
(left part of columns four and five in Table 1). A clear change in
the sign of the odd orders by exchanging the enantiomer is
observed up to the fifth order, whereas the third order delivers
the main contribution. When analysing the antisymmetric con-
tribution (right part of column four and five in Table 1) the
same odd coefficients were obtained. As it is also evident in
Figure 5, the symmetric parts as well as the corresponding
even coefficients can be reduced significantly by subtracting
the PECD images from both enantiomers, that is, the DPECD.
As a result, the even coefficients possess small amplitudes that
are nearly zero and the obtained odd coefficients are the most
reliable ones (see column six of Table 1).

In order to obtain representative even and odd coefficients
cl we turn again to the retrieved coefficients listed in Table 1

Table 1. Legendre coefficients from camphor determined directly from data presented in Figure 4 and 5.

Legendre
polynomial[a]

(R)-(+)
camphor
LCP[b]

(R)-(+)
camphor
RCP[b]

(S)-(�)
camphor
LCP[b]

(S)-(�)
camphor
RCP[b]

PECD(+)
[b] PECD(+)u

[b] PECD(�)
[b] PECD(�)u

[b] DPECD[c] DPECDu
[c]

cd
0 1.028 0.972 1.022 0.978 0.056 0.000 0.044 0.000 0.004 0.000

cd
1 0.048 �0.003 �0.069 �0.014 0.051 0.051 �0.055 �0.055 0.053 0.053

cd
2 �0.716 �0.639 �0.729 �0.670 �0.077 0.000 �0.059 0.000 �0.006 0.000

cd
3 �0.070 0.037 0.091 �0.019 �0.106 �0.106 0.110 0.110 �0.108 �0.108

cd
4 0.014 0.010 0.016 0.017 0.003 0.000 �0.001 0.000 0.002 0.000

cd
5 0.014 �0.002 �0.007 0.007 0.015 0.016 �0.014 �0.014 0.015 0.015

cd
6 �0.001 0.000 �0.007 �0.002 �0.002 0.000 �0.005 0.000 0.002 0.000

cd
7 0.006 0.007 �0.003 0.001 �0.002 �0.002 �0.003 �0.004 0.001 0.001

cd
8 �0.004 �0.003 0.006 0.003 �0.001 0.000 0.002 0.000 �0.002 0.000

Coefficients extracted from data presented in Figure 4 and 5 using the pBasex algorithm for each data set separately. [a] See Equation (1). [b] The retrieved
values are weighted with r2 (see text) and averaged over the FWHM of the energy distribution. The values are normalized by the mean �ck0from ionization
with LCP and RCP light of the (+)- resp. (�)-enantiomer (see text). [c] Same as b but normalized by the mean of the �ck0 values from the (+)- and the (�)-
enantiomer (see text). Values additionally multiplied by 0.5. All values are rounded to three decimal places. A direct calculation of the PECD(en) and DPECD
coefficients from the LCP and RCP coefficients is presented in the Supporting Information Table SI2. Different notations used in deriving the Legendre coef-
ficients are also summarized in the Supporting Information SI3.
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and calculate the PECD for each enantiomer and DPECD values
directly from averaging the LCP and RCP coefficients according
to Equation (25):

cLCP
even;en ¼

1
2

cd;LCP
even;en þ cd;RCP

even;en

� �

cLCP
odd;en ¼

1
2

cd;LCP
odd;en þ cd;RCP

odd;en

	 
 ð25Þ

where the minus sign accounts for the change of sign of the
odd Legendre coefficients. Table 2 shows these values together
with the derived values for the PECD and DPECD. The PECD
coefficients are derived in accordance with Equation (2), to
give Equation (26):

cPECD
l;en ¼ cLCP

l;en � cRCP
l;en ð26Þ

Due to Equation (25), cPECD
even;en � 0 and cPECD

odd;en ¼ 2 cLCP
odd;en

� �

[compare to Eq. (3)] . The DPECD coefficients are calculated ac-
cording to Equation (4):

cDPECD
l ¼ cPECD

l;þ � cPECD
l;� ð27Þ

These DPECD values are also multiplied by 0.5 to facilitate
comparison. For both enantiomers each odd-order coefficient
possesses similar amplitude and changes its sign on exchang-
ing the enantiomer (see PECD values, column 4 in Table 2).
Note that within a set of coefficients from one enantiomer
a change in sign appears between the different odd orders as
described in the context of Equation (17). This behaviour of
the significant odd orders is also observed for fenchone and

norcamphor (see Table 4) where the sign changes between the
first and third coefficient.

This procedure delivers values for the odd coefficients of the
DPECD that are similar to the DPECDu obtained directly by ap-
plying the pBasex algorithm on the DPECD image (see Table 1)
or derived using the coefficients of the LCP and RCP PAD
images from both enantiomers (see the Supporting Informa-
tion SI2). This substantiates the overall linearity of the pBasex
algorithm for these experimental conditions of nearly circularly
polarized ionization. Under such conditions the best way for
a quantitative analysis is to concentrate on the antisymmetric
part of the PECD images [PECDu(y,z)] or, if available, on the
DPECD image (displayed in Figure 6 third row right image).

We now turn to the topic of characterizing the PECD effect
with a single number. We calculate the LPECD according to
Equation (17) and the QPECD according to Equation (22). For
this, we use the averaged coefficients (LCP values of R- and S-
camphor, Table 2, second and third column) within the FWHM
of the main distribution for ionization with LCP light. We
denote the different measures as LPECDA�1

� and QPECDA�1

� ,
where � stands for the FWHM and A�1 for the Abel inversion.
The LPECDA�1

� for both enantiomers of camphor is about �8 %
and the QPECDA�1

� is around 8.5 % (see Table 2, right side). To
provide a comparison for the LPECDA�1

from the obtained Leg-
endre coefficients [Eq. (17)] and the signals in forward/back-
ward direction of the PECD image [Eq. (16)] , the LPECD is de-
rived using all sets of Legendre coefficients [100 sets for all
radii, see Eq. (24)] , denoted as LPECDA�1

� where � stands for
the completely inverted distribution. The whole energy range
corresponding to the projected image covers a range from

Table 2. Averaged Legendre coefficients from Table 1 and calculated PECD coefficients.

Legendre
polynomial[a]

(R)-(+)-camphor
LCP[b] averaged

(S)-(�)-camphor
LCP[b] averaged

Calculated PECD(+)
[c] Calculated PECD(�)

[c] Calculated DPECD[d] Quantification[e]

c0 1.000 1.000 0 0 0 LPECDA�1

� þð Þ 8.0 %

c1 0.026 �0.027 0.051 �0.055 0.053 LPECDA�1

� þð Þ
[f] 6.5 %

c2 �0.678 �0.699 0 0 0 LPECDA�1

� �ð Þ �8.4 %

c3 �0.053 0.055 �0.106 0.110 �0.108 LPECDA�1

� �ð Þ
[f] �6.8 %

c4 0.012 0.017 0 0 0 Quantification[g]

c5 0.008 �0.007 0.015 �0.014 0.015 QPECDA�1

� þð Þ 8.3 %

c6 �0.001 �0.004 0 0 0 QPECDA�1

� þð Þ
[f] 6.6 %

c7 �0.001 �0.002 �0.002 �0.003 0.001 QPECDA�1

� �ð Þ 8.7 %

c8 �0.004 0.004 0 0 0 QPECDA�1

� �ð Þ
[f] 7.0 %

[a] See Equation (1). [b] Values taken from Table 1. For each enantiomer the corresponding Legendre coefficients are averaged, see Equation (25)
(cLCP

even;en ¼
1
2 cd;LCP

even;en þ cd;RCP
even;en

� �
and cLCP

odd;en ¼
1
2 cd;LCP

odd;en þ cd;RCP
odd;en

	 

). Note that the corresponding RCP values only differ in the sign of the odd coefficients.

[c] PECD - in accordance to Equation (2)—derived directly from the averaged coefficients for ionization with LCP light, see Equation (26)
(cPECD

l;en ¼ cLCP
l;en � cRCP

l;en ). [d] Difference of the obtained PECD values, see Equation (27) (cDPECD
l ¼ cPECD

l;þ � cPECD
l;� ), multiplied by 0.5. [e] LPECD according to Equa-

tion (17), using the averaged coefficients (� stands for the FWHM and A�1 for Abel-inverted data) for ionization with LCP light. [f] Quantification for all ckl-
sets in a range from approx. 0–1.1 eV (equivalent to the measured PAD image), indicated by �. [g] QPECD derived by Equation (22), using the averaged co-
efficients for ionization with LCP light. Note that the DPECD coefficients from the averaged coefficients are similar to the coefficients obtained directly
from the pBasex and are listed in Table 1. After deriving the quantitative measures the calculated coefficients are rounded to three decimal places.
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approx. 0–1.1 eV. We get a LPECDA�1

� of about �7 % and
a QPECDA�1

� of around 7 % (see Table 2, right side). Table 3 lists
the quantitative values that are retrieved from the PECD
images (LPECDA

�, where A stands for the Abel-projected data
resp. images). The LPECDA�1

� values derived for the whole set of
Legendre coefficients are similar to the ones that are directly
obtained from the PECD images (LPECDA

�), illustrating the
equivalence of Equations (16) and (17). The PPECD values
(PPECDA

�) are derived using Equation (23) comprising the abso-
lute squared signals of the antisymmetric part of the PECD
images (PECDu(y,z))2. The PPECDA

� values for camphor are
about 8 %. Deviations in the PECD for both enantiomers of
camphor and the obtained quantitative values may be related
to different enantiomeric purities (see next subsection). In sum-
mary, we observe that there is a difference when comparing
quantifications taking only electrons at the FWHM of the

excess energy into account to quantifications taking all mea-
sured electrons over the whole energy range into account. In
the case under study, values obtained from excess energy data
are higher in comparison to values from all data hinting to ad-
ditional processes at play. This topic is discussed further in
Section 3.1.3.

3.1.1. Ellipticity Dependence

We now investigate the qualitative and quantitative sensitivity
of the PECD effect with respect to the polarization state. To
that end we measure the dependence of the PECD on the el-
lipticity of the ionizing photons. Applying a quantitative analy-
sis on the results using the PPECD values, we will be able to
quantify the relation between the circularity of the polarization
state and the PECD effect. The results are shown in Figure 7:

Figure 7. Ellipticity dependence of the PECD of (S)-(�)-camphor: Top row: Antisymmetric part of the PECD images measured at different polarization states
with equal ellipticity but different helicity. Left image: (S)-(�)-camphor measured with a pair of linear polarization states showing no distinctive antisymmetry
with respect to the laser propagation. The circularity of the used polarization states was successively increased until both polarizations were completely circu-
lar (right image). An alternation of the polarization was achieved by changing the angle aLCP and aRCP between the fast axis of the QWP and the polarization
axis of the incoming light. Note the increasing amplitude of the antisymmetric PECD images with increasing circularity of the ionizing laser pulses. The right
image measured at LCP and RCP is in accordance with the PECD on (S)-(�)-camphor displayed in Figure 5 (second row, right). Middle row: Corresponding
electric field of the polarization states for each measurement. The derived Stokes S3 parameter is specified for both polarization states. Bottom row, left
image: Evaluation of the measured antisymmetric PECD parts for different polarization states using the PPECD [see Eq. (23)] . Note the overall nonlinear de-
pendence of the PPECD with respect to jS3 j (see inset). The PECD is maintained even for light with low ellipticity. Bottom row, right image: Experimental
power ratios measured for LCP and RCP using an additional polarizer. The Stokes S3 parameter in these cases is determined to be jS3 j = 99 % (further details
are given in the Supporting Information SI4).
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(S)-(�)-camphor is measured alternately with laser pulses of
polarization states of equal ellipticity but different helicity.
PECD images of these measurement pairs are derived and the
antisymmetric parts [PECDu(y,z)] are presented in Figure 7 top
row. The circularity of the involved polarization states is suc-
cessively increased until both polarizations are completely cir-
cular, matching the data set on camphor presented before (see
also Figure 5 and 6). Experimental power ratios are measured
for LCP and RCP light using an additional polarizer and are pre-
sented in the third row of Figure 7, right image. The semi-axes
with respect to the 08 and 908 directions exhibit a power ratio
of �1.25, hence the derived value of the Stokes S3 parame-
ter[60–62] is jS3 j = 99 % (see Supporting Information SI4). Differ-
ent polarization states are realized by changing the angle be-
tween the fast axis of the QWP and the polarization axis of the
incoming light. Starting with a pair of two LIN measurements
(see Figure 7, top row left image) no structured antisymmetric
components appear in the difference image. In this case,
a PPECD value of approx. 1 % may be related to inaccuracies in
setting the angles of the QWP and also due to accumulation
of noise in the antisymmetric part of the PECD image. Further
averaging could reduce the latter contribution. Increasing the
circularity of the polarization states, leads to an increase of the
amplitude in the antisymmetric part of the PECD images. For il-
lustration, the time-dependent electric field vector, derived
from the angle of the QWP, is plotted in Figure 7, second row.
For a further quantification of the ellipticity dependence, the
measured PAD images with the same ellipticity but a different
helicity—obtained under similar conditions as described
before—are analysed without further normalization. In this
case the prerequisites for applying an Abel inversion are not
given and for a quantitative evaluation the PPECD measure
[see Eq. (23)] is applied on the antisymmetric part of the PECD
images. Resulting PPECDA

� values for each pair of measured el-
liptical polarization states are plotted in Figure 7, third row, left
image. The errors on the abscissa are due to the alignment of
the QWP and are estimated to be below 1 degree. Ambiguities
in the determination of the centre of the image are estimated
to be below 5 pixel with respect to the CCD resolution. They
would be represented by an error on the ordinate. In our case,
this error is smaller than the presented symbols for the data
points. The measured PPECD as a function of the ellipticity
shows a monotonic increase. In addition, we note that even
for light with a rather weak elliptical polarization, that is,
a small angle of the fast axis with respect to the ingoing laser
polarization, a significant PECD effect is observed. Furthermore,
a nonlinear dependence of the PPECD with respect to jS3 j as
indicated in the inset in Figure 7, third row, left image, is
observed.

3.1.2. 3D-PECD via Tomographic Reconstruction

In this section we focus on an alternative approach to evaluate
the PECD effect for elliptical polarization states as well. As
mentioned above, a lack of cylindrical symmetry precludes the
inversion via reconstruction methods such as, for instance, the
pBasex algorithm. Instead, we use our tomographic reconstruc-

tion method[31, 33, 34] to measure a symmetry-independent three-
dimensional PECD effect (3D-PECD). First, in order to reproduce
the PECD images [PECD(y,z)] for cylindrical symmetric distribu-
tions, we measure the tomographic reconstruction for ioniza-
tion with LCP and RCP light. We use S-camphor to reproduce
the Abel-inverted PECD image as presented in Figure 6,
second row. Secondly, we will demonstrate a case of ionization
with elliptically polarized light.

To perform our tomographic reconstruction method, an ach-
romatic half-wave plate (HWP) is introduced in the optical set-
up behind the QWP and rotated by about 908 in steps of 18.
The HWP is used to rotate the polarization state of the incom-
ing light from 08 to 1808 as described for example in Ref. [34].
Note that a HWP turns the helicity of light, that is, changes the
sign of the Stokes S3 parameter. It also changes the Stokes S2

parameter, representing the amount of linearly �458 polariza-
tion, in sign. The power ratios from the applied polarization
states, displayed in Figures 8 a,b on the right side, are mea-
sured using an additional polarizer and adjusting the fast axis
of the HWP at zero degree. LCP (red) and RCP (green) possess
power ratios similar to Figure 7, third row, right plot, with a de-
rived Stokes S3 parameter of jS3 j = 99 % (further details are
given in the Supporting Information SI4). A polarization mea-
surement of the LIN light, entering the HWP, is sketched in
grey.

A series of PAD images from 90 projections (see above) is
used to reconstruct this 3D-distribution via a Fourier-based to-
mographic reconstruction algorithm.[69] Pairs of PAD images for
each position of the HWP are recorded subsequently for the
two desired polarizations from the QWP, in this case LCP and
RCP light. In total, every angle of the HWP for LCP or RCP light
includes approximately 30 000 laser pulses. Therefore, a mea-
surement of a reconstructed 3D-PAD for each polarization cor-
responds to about an order of magnitude increase of data as
compared to the results presented in Section 3.1.

To obtain a 3D-PECD, we subtract the three-dimensional re-
constructed distributions for RCP from the LCP distribution.
The result is shown in Figure 8 a. The colour coding of the iso-
surfaces is chosen to be pink for positive and turquoise for
negative values. For visualization purposes, threshold values
for these iso-surfaces have been chosen for each reconstruc-
tion to include only signals slightly higher than the signal
height at the FWHM in the main distribution. An asymmetry
with respect to the laser propagation direction is clearly visible
in the 3D-PECD data. We also obtain the projection of the 3D-
PECD and its antisymmetric part via numeric integration from
the retrieved 3D-PECD distribution along the x-axis. Those are
displayed on top and can be directly compared to Figure 5,
second row, left and right image. As expected, the projections
from the tomographic data and the directly measured projec-
tions match very well. The antisymmetric part of the 3D-PECD
(shown in Figure 8 a, right panel) is derived via a three-dimen-
sional 1808 back-folding along the z-axis with respect to the
xy-plane. It reveals the contribution of the first and third Leg-
endre polynomials that are cylindrically symmetric in shape
with respect to the z-axis and antisymmetric in signal with re-
spect to the xy-plane. The 3D-PECD data allows the analysis of
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any slice through the distribution. Comparing for instance the
(y,z)-slice at x = 0 obtained from the tomographic reconstruc-

tion (Figure 8 a, bottom) to the corresponding Abel-inverted
PECD images (see Figure 6, second row left and right image)
shows convincing agreement.

Because the photoelectron distributions resulting from circu-
larly polarized light entails a cylindrical symmetry about the k-
vector, the x = 0 and y = 0 slices through the 3D-PECD are
equivalent. As a check, we extract the Legendre coefficients for
the x = 0 and y = 0 slices. In these cases, the axis of cylindrical
symmetry for the Legendre polynomials is parallel to the k-
vector. The averaged values of the Legendre coefficients agree
well with the presented values for S-camphor (see Table 2). For
example, the coefficients of the first and third Legendre poly-
nomial deviate less than 5 % from the S-camphor LCP values
resulting from the Abel-inverted data. Within the FWHM of the
tomographically reconstructed main distribution the LPECD�(�)

is about �8.3 % and the QPECD�(�) is about 8.9 %. Correspond-
ing values from Table 2 are �8.4 % and 8.7 %. This example
demonstrates that the three-dimensional tomographic recon-
struction approach includes data analysis based on Abel inver-
sion. However, the analysis based on tomographic reconstruc-
tion can be generalized to non-cylindrically symmetric objects.

In order to investigate the 3D-PECD for a case without cylin-
drical symmetry, we adjust the QWP to generate elliptically po-
larized light of different helicity for the ionization of S-cam-
phor. The tomographic measurement was similarly performed
and evaluated as described above. The results are shown in
Figure 8 b. Note that ionization with LIN light creates most of
the photoelectron signal within the polarization axis (see
Figure 4). To minimize symmetrical components in the three-di-
mensional PECD distribution, which could arise due to the
large linear components, we set the main axis of both elliptical
polarizations to be parallel. Thus, for this elliptical PECD mea-
surement, the angles between the fast axis of the QWP and
the polarization axis of the incoming light are set to be 1158
for left-handed elliptically polarized light (LELLIP) and 258 for
right-handed elliptically polarized light (RELLIP). The measured
power ratios for LELLIP (red) and RELLIP (green) are displayed
in Figure 8 b) left side. Concerning the circularity, that is, the S3

parameter, the presented measurement is approximately
equivalent to Figure 7, top row, third PECD image (see Sup-
porting Information SI4). There is only a difference in the diag-
onal component of the linear fraction in the polarization state,
that is, the sign of the S2 parameter, comparing the elliptical
polarization at 1158 and 1558.

As expected from the ellipticity scan (Figure 7) the asymme-
tries in the 3D-PECD with respect to the laser propagation di-
rection are not as distinctive as in the case of ionization using
circularly polarized laser pulses but are still clearly visible. The
reconstructed antisymmetric signals are no longer cylindrically
symmetric to the z-axis and coincide with the main axis of the
elliptical polarization. This might be a hint to field-induced po-
larisabilities of the intermediate state being different for the
two perpendicular axis of the elliptical polarization. Note that
field induced polarisability of the intermediate was used to
simulate higher-order polynomials in the PECD after one-
photon ionization of camphor out of a resonant intermedi-
ate.[37] Higher-order polynomials direct from ground-state mul-

Figure 8. a) Three-dimensional PECD (3D-PECD) from subtraction of tomo-
graphically reconstructed PADs from (S)-(�)-camphor originating from ioni-
zation with LCP and RCP laser pulses. Experimental power ratios measured
for LCP (red) and RCP (green), using an additional polarizer, are displayed on
the left side. For clarity, a polarization measurement of the LIN light, enter-
ing the HWP, is sketched in grey. The measured projected PECD image and
its antisymmetric part (according to Figure 5, second row, left and right
image) are displayed on top. Resulting from the tomographic reconstruction,
the obtained 3D-PECD is displayed using iso-surfaces. The pink areas repre-
sent positive and the turquoise areas represent negative signals. For visuali-
zation, threshold values for these iso-surfaces have been chosen to include
only signals higher than the signal height of the FWHM in the main distribu-
tion. Slices in the (y,z)-plane from the 3D-PECD are shown on the bottom.
Reconstruction artefacts outside of the main distribution have been re-
moved. These slices are similar to the Abel-inverted images from the pBasex
algorithm (see Figure 6, second row left and right image). The antisymmetric
part of the 3D-PECD is derived via a three-dimensional 1808 back-folding
along the z-axis with respect to the (x,y)-plane. It reveals the contribution of
the first and third Legendre polynomials that are cylindrically symmetric in
shape and antisymmetric in signal with respect to the z-axis. Note the good
agreement of data reconstruction with the pBasex algorithm in these anti-
symmetric data using circular polarization. b) 3D-PECD as described above,
but from ionization with elliptically polarized laser pulses. Concerning the
amplitude of the Stokes jS3 j parameter (see Supporting Information SI4), the
presented measurement is in some way equivalent to Figure 7, top row,
third PECD image but with elliptical polarizations having parallel main axes.
Note that the asymmetry contribution coincides with the main axis of the el-
liptical polarization.
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tiphoton ionization have been calculated making use of a con-
tinuum-state corrected strong-field approximation.[68]

Note that the wealth of information obtained in these pro-
jected images under many different angles might also be
a route for a complete determination of the photoionization
dynamics of chiral molecules. Although this might be a chal-
lenging task, initial steps to a complete photo-ionization ex-
periment based on this approach have been demonstrated
recently.[35]

3.1.3. Intensity Dependence of the PECD

In order to analyse the excitation and ionization mechanism in
more detail, we study the PAD images and the TOF-MS as
a function of the laser intensity. First, we determine the multi-
photon power laws. Then we turn to a discussion of intensity-
dependent fragment distributions and finally investigate pon-
deromotive shifts in the PADs. All observations hint to a 2+1
REMPI process on the parent molecules as the dominant origin
of the observed PECD effect, where non-resonant contributions
from the parent ground state or contributions from fragments
are small.

We measured the PAD images as well as TOF-MS under iden-
tical conditions in an intensity range from 0.5–2.8 I0. From the
ionization potential we expect a three-photon ionization out
of the highest occupied orbital and from the absorption spec-
trum we expect a 2+1 REMPI process (see below and
Figure 11). To confirm three-photon ionization, we measured
the total photoelectron signal [T in Eq. (10)] as a function of
the laser intensity. The power law of the ionization process is
extracted from a double logarithmic plot of T versus the laser
intensity. These power laws are determined for the Abel-invert-
ed PAD images as well as for the TOF-MS data in the intensity
range from 0.5–2.1 I0. To this end, Abel-inverted PAD images
without normalization were investigated for the contributing
total signal c0 in different ranges of energy. In the FWHM
energy range of the main distribution the power laws show
a multiphoton exponent of about 2.9 at low intensities and of
about 2.6 at high intensities with a standard deviation of ap-
proximately 0.3. These power laws support the 2+1 excitation
scheme but also indicate an onset of saturation effects. Note
that the presented multiphoton exponents of the PAD images
are close to the results in our previous publication[22] when ap-
proaching higher intensities. The photoelectrons with a very
low kinetic energy, being smaller than 0.02 eV, did not origi-
nate from residual gas. They possessed as well as the photo-
electrons from 0.02–0.40 eV a slightly larger exponent in com-
parison to the main distribution in the PAD image and did not
show a PECD effect (see below). These results indicate the
presence of other ionization processes. Thus, quantitative de-
termination methods considering the whole projected distribu-
tion can deliver different values. This explains why the LPECD
and QPECD values on the excess energy are higher than the
values derived from the whole distribution (see Table 2). The
obtained exponents for the parent-ion yields are between 2.7
for low intensities and 2.5 for high intensities also with a stan-
dard deviation of approximately 0.3. These parent-ion yields

show slightly smaller values due to increasing fragmentation
and match the results for the main distribution in the Abel-in-
verted PAD images (see above).

We turn back to a qualitative comparison of the mass spec-
tra to the corresponding PECD images at the applied intensi-
ties. The measured TOF-MS from camphor are dominated by
the parent ion. A typical TOF-MS for ionization of (S)-(�)-cam-
phor using LCP light at I0 is given in Figure 2 and Figure 9
(second row). The fragments at lower masses in the TOF-MS
show power law exponents that are roughly greater by one.
This indicates the absorption of another photon as compared
to the parent-ion yields. These appearing fragments can be as-
signed assuming simple bond breaks. The occurring fragments
match with known mass spectra from electron-impact ioniza-
tion.[65, 70] With decreasing intensity, an increase of the relative
parent-ion yield in comparison to the fragments at lower
masses was observed (see Figure 9, second row). However, the
PECD on the excess energy of camphor does not significantly
change its shape by variation of the intensity (see Figure 9,
first row). A significant change in the dominant ionization pro-
cesses for the PECD effect is therefore not observed in this in-
tensity interval. The quantitative analysis shows a small de-
crease of the absolute values with respect to higher peak in-
tensities (see the Supporting Information Figure SI1). From this
observation, we deduced dissociative ionization as the domi-
nant underlying process for the PECD,[22] that is, ionization pre-
cedes fragmentation.[71] This dissociative ionization was recent-
ly confirmed by coincidence techniques.[36, 37]

We now turn to the discussion, whether ionization from the
ground state or from an intermediate resonance is the origin
for the observed PECD effect. We concentrate again on the
PAD images from camphor measured at increasing intensities.
The photoelectron distribution in the PAD images reveals only
very minor shifts in the excess energy to lower energies (see
Figure 9) that are independent with respect to LIN or LCP and
RCP ionization. In contrast, for the ionization of Xenon with
LIN light ponderomotive shifts[58] of about 100 meV to lower
energies of the measured photoelectron excess energies are
observed in this intensity range (see Figure 10). This result indi-
cates that the photoelectron distribution originates from the
intermediate states acting as Freeman resonances.[72–76] To
higher intensities further distributions of photoelectrons with
energies below the FWHM of the main distribution are ob-
served in the PAD images but do not show a significant PECD
effect (see Figure 9 upper row). Due to the absence of a PECD
effect these additional electron contributions are attributed to
other ionization processes such as fragment ionization. Note
that no significant change in the shape of the PECD was ob-
served with respect to pressure variations[22] in a range of 1–
6 � 10�6 mbar ruling out space charge effects.

In addition, we also observe a pronounced PECD in the first
above-threshold-ionization (ATI) signal that is modulated with
yet higher-order Legendre polynomials. A detailed analysis of
the ATI-PECD on camphor, fenchone and norcamphor will be
discussed in a forthcoming publication.[77]
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3.1.4. Comparison to Other Results

We proceed by comparing the results of camphor presented in
this contribution with our previous results[22] and recently pub-
lished data from Janssen and coworkers.[37]

Taking the different experimental conditions and the above-
mentioned ellipticity and intensity dependence of the PECD
into account, our results are consistent with our previous work
and the results of Janssen and coworkers. The quantitative
PECD values obtained for camphor in this contribution and the
previous publications are very similar. Janssen and coworkers
specified values of: LPECDA�1

�ðþÞ= 8.5 % and LPECDA�1

�ð�Þ=�7.3 %
where our terminology is used for quantification on the photo-
electron excess energy range. They used a peak intensity of 1–
2 � 1012 W cm�2 and a longer pulse duration. In this contribu-
tion at about 4 � 1012 W cm�2 peak intensity, a LPECDA�1

�ðþÞ=

8.0 % and LPECDA�1

�ð�Þ=�8.4 % (see Table 2) is determined. In
our previous publication at about 5 � 1013 W cm�2, the follow-
ing values correspond to the presented coefficients there:
LPECDA�1

�ðþÞ= 6.9 %, and LPECDA�1

�ð�Þ=�7.2 %. The slight decrease
with increasing intensity is consistent with our intensity analy-
sis given above and in the Supporting Information SI1.

Secondly, the first and third Legendre coefficients in the
PECD and DPECD here (Table 1) match our results reported in
Ref. [22] and those of Janssen and coworkers very well. The
ratios between the first and third Legendre coefficients are
also quite similar and remain nearly constant as a function of
intensity (see Supporting Information Figure SI1).

With respect to the ellipticity dependence of the PECD,
which showed an overall nonlinear dependence with respect
to jS3 j (see Section 3.1.1), small discrepancies with respect to

Figure 9. Intensity dependence of camphor. Top row: PECD images from R-camphor at various peak intensities out of a series of eight consecutive measure-
ments in a range of �0.5–2.8 I0. Note that the observed PECD images do not show significant changes in the angular and energy distribution. Corresponding
mass spectra at the same conditions as the displayed PECD images are shown in the middle row. The mass spectra from ionization with LCP light are normal-
ized to the signal of the parent ion. The oscillations, which are greyed out, are electronic noise at low signal levels. Bottom row, left: Total photoelectron
signal as a function of energy derived from the corresponding 100 c0 coefficients obtained from Abel inversion and making use of Equation (10) from R-cam-
phor ionized with linearly polarized laser pulses at various peak intensities, normalized to the maximum of the energy distribution. Note that the photoelec-
tron signal from the ionization with circularly polarized light shows the same intensity dependent behaviour. Bottom row, right: Calculated ponderomotively
shifted vertical ionization potential of camphor, that is, 8.7 eV,[85] for different peak intensities. The horizontal line indicates the energy of three 398 nm pho-
tons in the multiphoton ionization. The blue dashed line is the derived Keldysh g parameter for camphor, reaching a value larger than three at highest peak
intensity, thus indicating a multiphoton regime.
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the determined quantitative values of Janssen and cowork-
ers[37] might be correlated with the differing Stokes S3 parame-
ters for their LCP and RCP light in comparison to our S3 param-
eters. From a data acquisition and analysis point of view, Jans-
sen and coworkers applied the coincidence technique[78, 79] and
measured the central section of the PAD. This time sliced elec-
tron image is a projection of photoelectrons with an ejection
angle of �258 with respect to the centre of the image and the
plane parallel to the detector surface. The resulting distribution
comprises about 46 % of all emitted electrons[80] and is fitted
with the Legendre polynomials. In our VMI set-up, the PAD is
projected onto the detector and inverted using the pBasex al-
gorithm. These differences regarding the measurement tech-
nique, the enantiomeric purities of the used specimen and the
laser properties such as the central wavelength, the applied
peak intensity and the amount of circularity of the polarization
states make a direct quantitative comparison on the absolute
values of the LPECD with the results from Janssen and cowork-
ers difficult. However, the similar results in the ratios of the re-
trieved odd coefficients as well as the range of the absolute
quantification values indicate robustness against experimental
parameters.

In the initial measurements on camphor and fenchone re-
ported in Ref. [22] some inhomogeneities on the MCP detector
have been found. The additive inhomogeneities affected the
measured PAD images but did not influence the PECD images
significantly. The PECD data presented here are measured with
a new MCP detector. Regarding the even polynomials, the
second-order polynomial now delivers, apart from the zeroth
order, the highest values and is much stronger than the fourth
polynomial. This qualitative observation is consistent with the
results from Janssen and coworkers. Remaining discrepancies
regarding the quantitative values and ratios of the even poly-
nomials may be related to the different detection or recon-
struction method, as described above.

3.2. PECD on the Bicyclic Ketones

In order to evaluate the utility of the PECD for molecular iden-
tification and to infer systematic trends in the PECD, we inves-
tigate the PECD of different chiral bicyclic ketones. In addition
to the studies on camphor, we measured the PECD of fen-
chone and norcamphor. The abovementioned quantification
facilitates a comparison of these chiral molecules both in the

Figure 10. Ponderomotively shifted electron signal from ionization of Xenon at 398 nm. Upper row: Four Abel-inverted PAD images from Xenon, ionized with
LIN laser pulses out of a series of eight consecutive measurements under similar conditions as in Figure 9. For comparison, a particular scaling factor indicated
in the inset is used for the colour scale. The peak intensity in the displayed measurements is increased from left to right ranging from �0.5 to 2.8 I0. All PAD
images have been recorded in the same energy range and an energy scale is exemplarily depicted in the second image. In order to visualize the observed
ponderomotive shift, which appears in the same way ionizing with circularly polarized light, an orange dashed ring at �300 meV indicates the maximum of
the photoelectron energy distribution from xenon at the lowest intensity, namely �0.5 I0 and is displayed in the four images. Lower row, left : total photoelec-
tron signal as a function of energy derived from the corresponding 100 c0 coefficients obtained from Abel inversion and making use of Equation (10) at vari-
ous peak intensities, normalized to the maximum of the energy distribution. Lower row, right: Calculated ponderomotively shifted ionization potential from
the Xe II 2P3/2 ionic state for different peak intensities. The horizontal line indicates the energy of four 398 nm photons in the multiphoton ionization and the
vertical lines represent the measured excess energies peaking in the photoelectron distributions. The blue dashed line is the derived Keldysh g parameter for
Xenon, reaching a value of approximately four at highest peak intensity, thus indicating a multiphoton regime.
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contributing Legendre coefficients and the total effect. All of
the investigated bicyclic ketones exhibit a PECD effect in the
range of up to �15 %, each with a different set of amplitudes
and signs of the odd Legendre polynomials.

The enantiomers of camphor and fenchone as well as the
racemic norcamphor were purchased from Sigma–Aldrich and
(S)-(+)-norcamphor from Chemische Laboratorien Dr. Soenke
Petersen. Our chiral substances possess a constitutional purity
of over 98 % and in particular : (R)-(+)-camphor 98.43 %, (S)-(�)-
camphor 99.6 %, (S)-(+)-fenchone 99.2 %, (R)-(�)-fenchone
99.2 %, (S)-(+)-norcamphor> 98 % and (RAC.)-(+ /�)-norcam-
phor >98 %. The enantiomeric purities, termed enantiomeric
excess (ee), for (R)-(+)-camphor and (S)-(�)-camphor are de-
duced from the optical rotatory power given in the certificates
of analysis from Sigma–Aldrich to be >98 %. Furthermore, for
the fenchone specimen gas chromatography was performed
by Chemische Laboratorien Dr. Soenke Petersen using a g-cy-
clodextrin capillary column.[81, 82] This analysis revealed an ee of
99.8 % for (S)-(+)-fenchone and 84.0 % for (R)-(�)-fenchone
with a measuring error in the range of �0.1 % ee. These values
are in agreement with the expected enantiomerical purity de-
duced from the optical rotatory power given in the certificates
of analysis from Sigma–Aldrich. For (S)-(+)-norcamphor an
enantiomeric excess of over 95 % is specified by Chemische
Laboratorien Dr. Soenke Petersen.

These molecules are quite similar in mass or structure. Fen-
chone and camphor have the same mass and the same con-
stituents but feature a different arrangement of the substitu-
ents. Norcamphor is a derivative of camphor in which the
methyl substituents are replaced by hydrogen, resulting in
a smaller mass.

Figure 11 shows the ionization schemes for the studied bicy-
clic ketones at room temperature adapted from Pulm et al.[83]

As discussed above, ionization proceeds via a 2+1 REMPI pro-
cess. The B-band, occurring on all the three bicyclic ketones,
acts as the resonant intermediate state. In contrast to camphor
and fenchone, clear vibronic structures can be seen in the B-
band of the absorption spectrum of norcamphor. High-resolu-
tion spectra from the 2+1 ionization of molecules in a cold
beam in a range from 384–418 nm reveal numerous narrow
resonances[84] that have been recently reproduced and extend-
ed for camphor by Janssen and coworkers.[37] The vertical ioni-
zation potentials (IPs) of the three ketones are around 9 eV,
that is, 8.7 eV for camphor,[19, 85, 86] 8.6 eV for fenchone[16] and
9.17 eV[87] for norcamphor. Since the energy of the three pho-
tons required for ionization is about 9.35 eV, ionization can
only occur from the highest occupied orbital.[16, 85]

We confirmed the three-photon ionization as detailed for
camphor (see Section 3.1.) by measuring the power laws for
fenchone and norcamphor as well. The resulting multiphoton
exponents are similar to those derived for camphor. For the
chosen intensities, measured TOF-MS are dominated by the
parent ion for each of the investigated bicyclic ketones. An in-
crease of the relative parent-ion yield in comparison to the
fragments at lower masses is also observed for fenchone and
norcamphor with decreasing intensity. This again hints to an
underlying dissociative ionization process. No significant

change is observed on the excess energy of the main photo-
electron distribution and of the shape of the PECD images as
a function of intensity. This indication of involved Freeman res-
onances underscores again the 2+1 REMPI process being at
play.

The PECD results of our measurements on the bicyclic ke-
tones are presented in Figure 12. The ungerade parts of the
measured PECD images together with the corresponding Abel-
inverted images of the three bicyclic ketones are displayed.
Obtained excess energies peak at the following values: cam-
phor at 0.52 eV, fenchone at 0.56 eV and norcamphor at
0.23 eV, all with a FWHM of approximately 200 meV. The result-
ing excess energies for camphor and fenchone are in agree-
ment with our previous measurements[22] but about 200 meV
lower than expected from the abovementioned vertical ioniza-
tion potentials from synchrotron experiments. For camphor
the value of the excess energy was reproduced by Janssen and
coworkers.[36, 37] For norcamphor the measured excess energy
agrees with our total photon energy of about 9.35 eV and the
vertical IPs reported on He I photoelectron spectra,[86–89] rang-
ing from 8.94–9.17 eV. The deviation of the excess energy as
expected from the vertical IP hints to a dynamical[90] or static[37]

resonance behaviour.
Besides the differences in the excess energy of the investi-

gated ketones, there are pronounced differences in the PECD
despite the similarity of their chemical structure. This may be
an additional hint to the importance of the scattering state for
this relatively low-kinetic-energy electrons released in the mul-
tiphoton process.[68, 91, 92] For quantification, the same procedure
as detailed for camphor has been applied and the results are
summarized in Table 3 (LPECD and PPECD derived from Abel-
transformed distributions) and Table 4 (Legendre coefficients,

Figure 11. Excitation and ionization scheme of the bicyclic ketones fenchone
(red), camphor (green) and norcamphor (blue) adapted from Pulm et al.[83]

The vertical IPs are: camphor: IP: 8.7 eV,[85] fenchone: IP: 8.6 eV,[16] norcam-
phor: IP: 9.2 eV.[87] The expected excess energies from the threshold ioniza-
tion are indicated by the coloured arrows, for example, in the case of nor-
camphor a higher IP leads to lower kinetic energies in comparison to cam-
phor and fenchone.
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LPECD, QPECD derived from Abel-inverted data). In contrast to
camphor, where the third Legendre polynomial is dominating
the PECD, for fenchone and norcamphor the first Legendre co-

efficients are mainly contribu-
ting. The noted change in sign
for the first- and third-order co-
efficients for camphor is also ob-
served for fenchone and nor-
camphor. The difference in the
derived values of both enantio-
mers of fenchone LPECDA�1

�ðþÞ=

�13.8 % and LPECDA�1

�ð�Þ= 10.9 %
correlate with the different
values for the enantiomeric
excess (see above). This result
motivated an extended enantio-
meric excess sensitivity study
which is currently under way in
our labs.[93]

As a first test for the utility of
PECD as an analytical tool, we
compare the extreme cases: the
enantiomerically pure specimen
and the racemic species by
using the quantitative evaluation

of the PECD images taking norcamphor as an example.
For (S)-(+)-norcamphor and (RAC)-(+ /�)-norcamphor the

antisymmetric part of the PECD images are shown in

Figure 12. Upper row: Antisymmetric part of the PECD images from the bicyclic ketones fenchone, camphor and
norcamphor. The images above the diagonal show the Abel-inverted image with calibrated scales of energy and
momentum. The maxima in the PECD images and the Abel-inverted images are observed at �0.56 eV for fen-
chone, �0.52 eV for camphor and at �0.23 eV for norcamphor. Lower row: Corresponding three-dimensional
structure together with the molecular formula.

Table 3. Quantification on the bicyclic ketones (projected data).

(R)-(+)-camphor (S)-(�)-camphor (R)-(�)-fenchone (S)-(+)-fenchone (S)-(+)-norcamphor (RAC.)-(+ /�)-norcamphor

LPECDA
�

[a] 6.5 % �6.8 % 9.1 % �10.1 % 6.8 % 0.0 %
PPECDA

�
[b] 7.9 % 8.4 % 11.0 % 12.4 % 7.5 % 0.9 %

[a] Values obtained from the PECD images, see Equation (16). [b] Values obtained from the antisymmetric part of the PECD images, see Equation (23). A
stands for Abel-transformed data and � for the whole measured distribution within an energy range from approx. 0–1.1 eV.

Table 4. Averaged Legendre coefficients from fenchone and norcamphor.

Legendre
polynomial[a]

(S)-(+)-fenchone
LCP[b] averaged

(R)-(�)-fenchone
LCP[b] averaged

Quantification[c] (S)-(+)- norcamphor
LCP[b] averaged

(RAC.)-(+ /�)- norcamphor
LCP[b] averaged

Quantification[c]

c0 1.000 1.000 LPECDA�1

� þð Þ �13.8 % 1.000 1.000 LPECDA�1

� þð Þ 6.7 %

c1 �0.067 0.055 LPECDA�1

� þð Þ
[d] �10.2 % 0.034 �0.002 LPECDA�1

� þð Þ
[d] 6.8 %

c2 �0.580 �0.558 LPECDA�1

� �ð Þ 10.9 % �0.554 �0.516 LPECDA�1

� þ=�ð Þ �0.5 %

c3 0.008 �0.003 LPECDA�1

� �ð Þ
[d] 9.1 % �0.002 0.003 LPECDA�1

� þ=�ð Þ
[d] 0.0 %

c4 �0.061 �0.086 Quantification[e] �0.019 �0.043 Quantification[e]

c5 0.004 �0.006 QPECDA�1

� þð Þ 13.1 % �0.006 �0.001 QPECDA�1

� þð Þ 6.6 %

c6 �0.008 0.001 QPECDA�1

� þð Þ
[d] 9.5 % �0.008 0.011 QPECDA�1

� þð Þ
[d] 6.5 %

c7 �0.001 0.000 QPECDA�1

� �ð Þ 10.6 % 0.001 �0.001 QPECDA�1

� þ=�ð Þ 0.5 %

c8 0.014 0.007 QPECDA�1

� �ð Þ
[d] 8.5 % �0.020 �0.005 QPECDA�1

� þ=�ð Þ
[d] 0.2 %

[a] See Equation (1). [b] Coefficients derived as described in Table 2. [c] LPECD according to Equation (17), using the averaged coefficients (� stands for the
FWHM and A�1 for Abel-inverted data) for ionization with LCP light. [d] Quantification for all ckl-sets in a range from approx. 0–1.1 eV (equivalent to the
measured PAD image), indicated by � [e] QPECD derived by Equation (22), using the averaged coefficients for ionization with LCP light. After deriving the
quantitative measures the calculated coefficients are rounded to three decimal places.
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Figure 13. For the racemic species no structured antisymmetric
components emerge. In contrast to this, the S-norcamphor
shows a strong and structured PECD effect (as discussed
above). The quantitative results from the Abel-projected data
are listed in Table 3 and the quantitative values from the Abel-
inverted PECD images are given in Table 4. All derived quanti-

tative PECD values for (S)-(+)-norcamphor are in the range of
6.7 % to 7.5 % whereas for (RAC)-(+ /�)-norcamphor all values
are well below 1 %. These non-vanishing values for the PECD
of (RAC)-(+ /�)-norcamphor could originate from a small re-
maining enantiomeric excess or other experimental imperfec-
tions.

Recently, the identification of enantiomers in mixtures of
chiral molecules prepared in a seeded molecular beam was
demonstrated using broadband microwave spectroscopy[94]

and three-wave mixing.[95] In mixtures of carvone differences of
20 % ee of the R-species and 33 % ee of the S-species could be
distinguished when compared to the racemic mixture.[94] In
mixtures of 1,2-propanediol, the racemic mixture could be dis-
tinguished from a mixture of 2 % ee of the S-species.[95]

We believe that our ionization method on effusive samples
delivers at least a similar sensitivity, where substances having
the same mass like camphor and fenchone could be distin-
guished via different excess energies of the released photo-
electrons and substances having the same excess energy but
different masses could be distinguished with the help of coin-
cidence techniques. A detailed comparison of the approaches
has to wait until both approaches are further developed.

4. Conclusions

In this article we have demonstrated a circular dichroism effect
in the �10 % regime derived from images of photoelectron
angular distributions resulting from resonance enhanced multi-
photon ionization of randomly oriented chiral molecules in the
gas phase. Camphor, fenchone and norcamphor were chosen
as prototypes. We observed pronounced differences in the
PECD despite the similarity of their chemical structure. This
may hint to the importance of the scattering state for this rela-
tive low kinetic energy electrons released in the multiphoton

process. We also noted the sensitivity of the PECD effect to
enantiomeric excess.

We gave a comprehensive description and characterization
of our experimental set-up as well as a detailed description of
our data analysis. For circular polarization we employ an Abel
inversion to expand the measured PAD images into a series of
Legendre polynomials. For elliptical polarization we use tomo-
graphic data recording after we demonstrated equivalence of
the two approaches for circularly polarized light. We noted
that the wealth of information obtained in the projected
images under many different angles used for tomographic re-
construction might be a route to a complete determination of
the photoionization dynamics of chiral molecules.

We derived different measures to quantify the PECD effect
by a single number for different circumstances. A linear PECD
(LPECD) was derived as an extension to one-photon PECD
quantifications as proposed in the literature. This LPECD con-
tains an alternating sum of odd Legendre polynomials. Further-
more, a quadratic PECD (QPECD) was suggested which is inher-
ently immune against cancellation effects that might occur in
the LPECD owing to the alternating sum. Finally, the power
PECD (PPECD) was introduced as a practical measure for cases
where an Abel transform cannot be performed. For elliptical
polarization we found a nonlinear relation between the Stokes
S3 parameter and the PPECD.

Intensity studies with respect to multiphoton power laws
and comparison of mass spectra to PECD data revealed disso-
ciative ionization as the origin of the observed PECD effect. On
the excess energy of the PADs from the chiral molecules no
ponderomotive shift was observed with increasing intensity,
whereas PADs from xenon showed the expected shifts in the
studied intensity range. Therefore, we conclude that ionization
out of the intermediate resonance is dominating the signal
and direct ionization out of the ground state seems not to
contribute to the PECD effect.

We compared our results to other recently published results
and found good agreement with respect to the absolute
values of the contributing odd Legendre polynomials for the
camphor prototype. The retrieved Legendre coefficients for the
investigated bicyclic ketones may therefore serve as a bench-
mark for theoretical developments.

We believe that our table-top laser-based approach opens
the door to many analytical applications and comparison to
ab initio quantum calculations will open an additional route to
determine the absolute configuration. Also an exploration of
the nuclear and electron dynamics of the intermediate reso-
nance based on coherent control techniques might help in
that respect and may stimulate the development of laser-
driven purification schemes.
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Supporting Information Figure SI1 

Intensity dependence of the retrieved Legendre coefficients from Camphor measurements.  Averaged Legendre coefficients for ionization with LCP light within the 

FWHM in the energy distribution of the Abel-inverted images and quantitative evaluation as described for Table 2.  The Legendre coefficients have been obtained, 

measuring the PECD of R- and S-Camphor in an intensity range of ~0.5 - 2.8 I0.  Note that the ratios between the odd order Legendre coefficients remain nearly 

constant.  To higher peak intensities a decrease of the absolute quantitative values LPECD and QPECD can be seen.  Furthermore, a change in sign of the fifth 

Legendre coefficient might be extrapolated for higher peak intensities. 
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Supporting Information Table SI2 

Table Supporting Information. Legendre coefficients from Camphor measurements determined directly from data presented in Figure 4 and 

derived PECD-coefficients 

Legendre 

polynomial
[a]

 

(R)-()-

Camphor 

LCP
[b]

 

(R)-()-

Camphor 

RCP
[b]

 

(S)-()-

Camphor 

LCP
[b]

 

(S)-()-

Camphor 

RCP
[b]

 

    ( )  
[c]

 

    ( )   
[c]

 

    ( )  
[c]

 

    ( )   
[c]

 

      
[d]

       
 

[d]
 

  
  1.028 0.972 1.022 0.978 0.056 0 0.044 0 0.006 0 

  
  0.048 -0.003 -0.069 -0.014 0.051 0.051 -0.055 -0.055 0.053 0.053 

  
  -0.716 -0.639 -0.729 -0.670 -0.077 0 -0.059 0 -0.009 0 

  
  -0.070 0.037 0.091 -0.019 -0.106 -0.106 0.110 0.110 -0.108 -0.108 

  
  0.014 0.010 0.016 0.017 0.003 0 -0.001 0 0.002 0 

  
  0.014 -0.002 -0.007 0.007 0.015 0.015 -0.014 -0.014 0.015 0.015 

  
  -0.001 0.000 -0.007 -0.002 -0.002 0 -0.005 0 0.002 0 

  
  0.006 0.007 -0.003 0.001 -0.002 -0.002 -0.003 -0.003 0.001 0.001 

  
  -0.004 -0.003 0.006 0.003 -0.001 0 0.002 0 -0.002 0 

Coefficients extracted from data presented in Figure 4 using the pBasex algorithm for each data set separately and derived PECD coefficients.  

[a] See Equation 1.  [b] Values taken from Table 1.  [c] PECD - in accordance to Equation 2 - derived from the coefficients for ionization with 

LCP and RCP light, see Equation 26 (   
          

         
     

), where for the ungerade part the even coefficients are set to be zero (    
       

    
       ,      

         ).  [d] Difference of the obtained PECD values, see Equation 27 (  
            

           
      

), multiplied by 0.5.  For the 

ungerade part the even coefficients are set to be zero (    
             

       
,      

          ).  The calculated values are rounded to three 

decimal places. 
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Supporting Information Legendre Coefficients SI3 

Overview of the different Legendre coefficients: 

 

0.)    

Photoelectron angular distributions expanded into Legendre Polynomials    and corresponding Legendre coefficients   : 

 

 ( )  ∑       [   ( )]

    

   

  

 

The upper equation describes a PAD which depends only on an angular part.  If the PAD possesses a radial distribution, in our case 

given by the excess energy, we separate the Abel-inverted image  ̂(   ) into a radial part  ( ) and an angular part  ( ): 

 

  ̂(   )   ( )  ( )  

 

 ( ) describes the signal distribution with respect to excess energy.   

 

1.)     

The pBasex algorithm delivers an Abel-inverted density expanded into a sum of radial Gaussian distributions modulated by Legendre 

polynomials: 

 

 ̂(   )   ∑      
 
(    )

 

   

         

     

(    )  

 

2.)   ̅  

In order to reconstruct the initial three-dimensional density, a radially dependent weighting is applied: 

 

  ̅         
   

 

3.) Table 1,   
  

Average of the retrieved and weighted   ̅  values from the inversion algorithm within the FWHM of the energy distribution.  These 

averaged   
  values in the cases of LCP, RCP and PECD have been divided by the mean of the averaged zero order coefficients from 

ionization with LCP and RCP light: 

 

  
              

 
∑   ̅ 

            
    

 
 
(∑   ̅ 

   
     ∑   ̅ 

   
    )

  

 

For       and       , the values are normalized by the mean of the   ̅  -coefficients from the (+)- and (-)-enantiomer: 

 

  
        

∑   ̅ 
     

    

 
 
(∑   ̅  

   
     ∑   ̅  

    ∑   ̅  
   

     ∑   ̅  
   

        )
  

 

4.) Table 2,    

The PECD values for each enantiomer and the       values derived directly from averaging the LCP and RCP coefficients according 

to: 

         
    

 

 
(        
              

     )  

 

       
    

 

 
(       
             

     )  

 

where the minus sign accounts for the change-of-sign of the odd Legendre coefficients.   

 

Coefficients for The      are derived in accordance to Equation 2:       
          

         
    and the       coefficients are calculated 

according to Equation 4:   
          

         
    .  The introduced quantification measures in Section 2 are derived using these obtained 

   coefficients in Table 2 and 4. 
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Supporting Information Stokes-Parameters SI4 

Characterization of the experimental polarization states: 
 
The Stokes parameters are:[60;61] 
 

     
    

   

     
    

   

                

                

 
where   is the phase difference between    and   .  The total intensity is described by   ,    describes the amount of linearly polarized 

light either horizontally (positive sign, here: LIN) or vertically polarized (negative sign),    describes the amount of linearly polarized light 
in the       direction (positive sign for      , negative sign for      ),    describes the preponderance of left (LCP) or right circularly 
polarized (RCP) light.     has a negative sign in the case of LCP and a positive sign in the case of RCP light.  In the upper convention 
the angle is measured counterclockwise looking against the light propagation. 
 

Power ratios are determined using a polarizer after the QWP, measuring the transmitted laser intensity  ( ).  Note that in the following 
the angle   is measured mathematical positive looking in the propagation of light (see Figure 7).  From this curves, taking our used 
coordinate system into account (see Figure 7), we directly obtain the first three Stokes parameters:[62] 
 

    (    )   (   ) 
    (    )   (   ) 
      (    )     

 
As our coherent laser source possesses only a single polarization state, we make use of the relation of the Stokes parameters: 
 

  
    

    
    

   
 
and determine the amount of circularity: 
 

     √  
    

    
   

 
A referenced QWP (B. Halle Nachfl.) was used to confirm the direction of the fast axis, hence, the helicity of the polarization, i.e. the 

sign of the    parameter.  We denominate the helicity and the handedness of the light using the optical convention.[60] 
 
The retrieved Stokes-vectors (according to the conventions of [61] and rounded to three decimal places) are: 
 
Camphor: (Figures 3-6,9,10 and 12, Tables 1-3) 
 
LCP 45° 

(             )    (                    )  (           )    (                     ) 
 

 
RCP 135° 

(             )    (                     )  (           )    (                      ) 
 

 
LIN 0° 

(             )    (                    ) 
 
Fenchone: (Figure 12, Tables 3 and 4) 
 
LCP 45° 

(             )    (                    )  (           )    (                     ) 
 
RCP 135° 

(             )    (                     )  (           )    (                      ) 
 

 
LIN 0° 

(             )    (                    ) 
 
Norcamphor: (Figures 12 and 13, Tables 3 and 4) 
 
LCP 45° 

(             )    (                    )  (           )    (                     ) 
 

 
RCP 135° 
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(             )    (                    )  (           )    (                     ) 
 

 
LIN 0° 

(             )    (                    ) 
 
 
Ellipticity dependence – S-Camphor: (Figure 7) 
 
LCP 45° 

(             )    (                    )  (           )    (                     ) 
 

 
RCP 135° 

(             )    (                    )  (           )    (                     ) 
 
LIN 0° 

(             )    (                    ) 
 
 
3d-PECD via tomographic reconstruction – S-Camphor: (Figure 8) 
Note that a HWP was inserted after the QWP. 
 
LCP 135° 

(             )    (                     )  (           )    (                      ) 
 
RCP 45° 

(             )    (                    )  (             )    (                     ) 
 
LIN 0° 

(             )    (                   ) 
 
LELLIP 115°: 

(             )    (                   )  (           )    (                    ) 
 
RELLIP 25°: 

(             )    (                   )  (           )    (                    ) 
 
Simulated values: 
 
LELLIP 115°: 

(           )    (                    ) 
 
RELLIP 25°: 

(           )    (                   ) 
 


