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Chirality
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Chiral recognition in the gas phase using light is a challenge
because of the low particle densities involved. However, such
collision free conditions offer great promise for highly
sensitive analytical applications as well as for unraveling
fundamental aspects of the light–matter interaction.[1] Often
ionizing radiation is used for such investigations, as charged
particles offer nearly unit detection efficiencies. In addition,
highly differential detection schemes have been developed to
measure the photoelectron angular distribution (PAD), which
contains rich information about the photoionization dynamics
and intramolecular dynamics.[2] An efficient and relatively
simple method to measure the three-dimensional PAD is to
project the complete distribution onto a two-dimensional
detector plane. The so-called velocity map imaging technique[3] (VMI) is a prominent example of this approach.
Based on certain symmetry assumptions concerning the PAD,
the three-dimensional PAD can be reconstructed from the
two-dimensional image by inversion techniques, as for
example, described in Ref. [4]. If there are no symmetries in
the PAD, tomographic reconstruction methods have been
employed.[5] More sophisticated coincidence techniques are
available, for instance, when PADs from the molecular frame
of dissociating molecules are of interest.[6, 7]
Making use of vacuum ultraviolet (VUV) synchrotron
ionization, a striking forward/backward asymmetry in the
electron ejection with respect to the light propagation was
found in one-photon ionization of randomly oriented small
chiral molecules with circularly polarized light[8–10] and
reviewed in chapter one of Ref. [1] by Nahon and Powis
and also in Ref. [11]. This effect was termed photoelectron
circular dichroism (PECD) and, based on theoretical predictions,[12] was attributed to an electric dipole interaction[11]
PECD shows a effect several orders larger than that of
conventional circular dichroism (CD) techniques and is
therefore attractive for chiral recognition in the gas phase.
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A wide-spread implementation of this effect in analytics has
been hampered to date as the use of a synchrotron facility to
deliver the required radiation seems to be a prerequisite.
Herein we show, that PECD is also accessible using
femtosecond laser pulses from a standard setup. We make use
of resonance enhanced multiphoton ionization (REMPI) and
measure PAD images from randomly oriented chiral molecules with a VMI setup. Camphor and fenchone were chosen
as prototypes, as these molecules have also been used in
benchmark experiments on normal CD as well as in the
pioneering work on PECD using VUV one-photon ionization
and VMI detection.[13]
PADs from one-photon ionization of randomly oriented
molecules in the laboratory frame can be expanded in
Legendre polynomials Pl(cos q) where the energy distribution
can be accounted for by a sum of Gaussians and q is the angle
of the ejected electron with respect to the direction of light
propagation for the circularly polarized light.[4] Expressions
for multiphoton ionization with different polarizations can be
found for example in Refs. [2, 14, 15]. PECD in VUV onephoton ionization manifests itself in a change of sign of the
first-order Legendre polynomial when changing from leftcircularly polarized light (LCP) to right-circularly polarized
light (RCP) when a specific enantiomer is ionized. A change
of sign is also obtained by keeping the helicity of the light and
changing from the S to the R enantiomer. In our case we
ionize with three photons out of the highest occupied orbital
of the neutral molecules. The ionization is enhanced by
a resonance after the absorption of two photons
(2+1 REMPI). In our measured PAD images, we find
asymmetries in all the contributing odd Legendre polynomials up to the seventh order when changing the helicity or
when changing from the S to the R enantiomers but keeping
the helicity. Looking at the PECD effect obtained by
subtraction of the RCP image from the LCP image measured
on one specific enantiomer we find a complete asymmetry in
the corresponding odd Legendre polynomials. The effect is in
the  10 % regime on both substances studied and is even
clearly visible in the difference of the raw data. In the
following we will first briefly address our experimental
approach followed by our data evaluation procedure including discussion before we conclude.
The experimental setup is shown in Figure 1 a and the
polarization characterization is shown in Figure 1 b. Details
are given in the Supporting Information. Camphor and
fenchone were purchased at Sigma–Aldrich with an enantiomeric purity of over 95 %. The 2+1 REMPI[17] scheme is
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Figure 1. a) Experimental setup with beam path, spectrometer, and
multichannel plate (MCP) detector: Laser pulses with a pulse duration
of 25 fs centered at 398 nm are focused into an energy-calibrated
imaging spectrometer.[16] An average laser power of 2.5 mW at 1 kHz
repetition rate results in a peak intensity I0 of about 5  1013 Wcm2.
The spectrometer is used to record images of PADs and also ion timeof-flight (TOF) spectra. P: polarizer, QWP: quarter wave plate to
generate either LCP or RCP light (F: fast axis), L: lens, EG: effusive
gas inlet. b) Degree of polarization for linearly (LIN) and circularly
polarized (LCP and RCP) laser pulses. The Stokes parameter S3 for
the circularly polarized light is j S3 j = 99 %. c) Excitation and ionization
scheme of camphor and fenchone adapted from Ref. [18] and IPs
taken from Refs. [13, 19]. A–E are labels for absorption bands. d) Typical ion TOF spectrum for (S)-()-camphor using left-circularly polarized light.

depicted in Figure 1 c where the region of the B band[18] acts as
the resonant intermediate state. The vertical ionization
potential (IP) of camphor is 8.7 eV[19] and 8.6 eV[13] for
fenchone. The total energy for three photons from our laser is
about 9.35 eV, thus ionization can only occur from the highest
occupied orbital.[13, 19] The Keldysh g parameter at I0 is larger
than two, indicating a multiphoton regime. Measured power
laws ranging from 0.3 I0 to 1.2 I0 on the photoelectron yield for
all polarizations in an energy interval from approximately
0.02 to 0.78 eV gave a multiphoton exponent of about 3 for
fenchone and 2.2 to 2.5 for camphor, supporting the 2+1
excitation scheme although the results for camphor indicate
the onset of saturation effects. The low-energy photoelectrons
below 0.02 eV did not stem from residual gas and showed
a power-law exponent about 0.5 larger than the numbers
given above indicating the occurrence of ionization processes.
This contribution is thus not included in the data analysis. A
typical ion time-of-flight (TOF) spectrum for (S)-()-camphor using LCP light at I0 is displayed in Figure 1 d. Note that
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the spectrum is dominated by the parent ion at 152 atomic
units. With decreasing intensity we observe that the relative
parent-ion yield increases with respect to the fragments at
lower masses. This is a typical behavior for dissociative
ionization, that is, ionization precedes fragmentation.[20] That
the process is dissociative ionization is also supported by the
measured and analyzed PAD images as they do not change
their shape as a function of intensity. The CD effect in the ion
yield—as observed on chiral molecules when dedicated
REMPI schemes are employed using nanosecond[21, 22] or
femtosecond[23, 24] laser sources in the visible and near UV—
was not detectable under our experimental conditions on
camphor and fenchone.
We now turn to the main result of our experiment, that is,
the large PECD effect. PAD images from camphor and
fenchone for differently polarized laser pulses are shown in
Figure 2. All the PAD images were obtained under the
experimental conditions described above (detailed in the
Supporting Information) and averaged over the same number
of laser pulses (665 000). To eliminate potential small drifts in
the setup, a fast stepper motor was used to rotate the quarter
wave plate (QWP) to switch between RCP and LCP
measurements back and forth 100 times (i.e. every 6650
pulses). A 2D Fourier filter was applied to the 1024  1024
pixels image to remove high-frequency noise. Differences in
the total signal (excluding the low energy part, i.e. that under
0.02 eV) for RCP measurements compared to LCP measurements were within a range of 0.5 %. The PAD images were
normalized to the corresponding total signal and finally—to
facilitate comparison—a scaling factor was defined for
camphor and another for fenchone. This scaling factor was
applied to all the data within one set and chosen so that the
region with the highest signal in the RCP and LCP PAD
images corresponds to unity in the color coding. The top row
in Figure 2 a shows PAD images for (R)-(+)-camphor resulting from ionization with LIN, LCP, and RCP light. The laser
propagation is from left to right as indicated with the arrow.
For ionization with LIN light the PAD image is symmetric
with respect to the light propagation. A perpendicular line
through the center of the PAD image is the mirror axis and
coincides with the direction of the linear polarization. In
contrast, the PAD image resulting from ionization with LCP
light exhibits an asymmetry with respect to the light
propagation: more signal is observed in the forward direction
than the backward direction. The opposite result is obtained
by ionization with RCP light, with more signal found in the
backward direction than the forward direction. Qualitatively
the same behavior is observed in the PAD images on (R)-()fenchone displayed in the top row of Figure 2 b. The second
row in Figure 2 a shows the results when changing from (R)(+)-camphor to (S)-()-camphor. In this case the ionization
with LIN light also results in a symmetric PAD image with
respect to the light propagation, however, for LCP light more
signal is seen in the backward direction and for RCP light
more signal is detected in the forward direction. Again the
same behavior is seen in the second row of Figure 2 b where
(R)-()-fenchone was exchanged to (S)-(+)-fenchone. This
observed change in the PAD images either by mirroring the
helicity of the light or by mirroring the molecule is expected
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Figure 2. a) Top row: PAD images from (R)-(+)-camphor resulting from ionization with LIN, LCP, and RCP light, respectively. The laser
propagation as indicated by an arrow is from left to right. For ionization with LIN light the PAD image is symmetric with respect to the light
propagation. The PAD image resulting from ionization with LCP light exhibits an asymmetry with respect to the light propagation (more signal in
forward direction) whereas for RCP light more signal is observed in the backward direction. Second row: PAD images for (S)-()-camphor. Note
the change in signal asymmetry in forward/backward direction. Third row, left image: PECD signal—taking LCP-PAD image minus RCP-PAD
image—for (R)-(+)-camphor; middle image: PECD signal for (S)-()-camphor; note the reversed asymmetry in forward/backward direction on
changing the enantiomer; right image: the difference of the PECD signals of the R- and S-enantiomers shows the complete antisymmetry in our
experiment by removing residual instrumental asymmetries; for comparison, the numbers in the color scale were multiplied by 0.5 in the latter
image. b) Same as (a) for fenchone.

from a CD effect. Because it is already visible in the raw data
the effect is significantly larger than other CD effects. In the
third row of Figure 2 a we plot the PECD signal for (R)(+)-camphor (left image) and (S)-()-camphor (middle
image) following the convention suggested by Powis,[11] that
is, taking the LCP–PAD image minus the RCP–PAD image.
The data for fenchone are displayed in the corresponding
parts of Figure 2 b. Pronounced asymmetries with respect to
the forward/backward direction are detected for both molecules, changing direction when changing from right-handed to
left-handed molecules. The asymmetries are in the range of
 10 % and slightly larger for fenchone. However, the PECD
signals are not perfectly antisymmetric. For a pure PECD
effect we expect that only odd Legendre polynomials
contribute as only odd Legendre polynomials show antisymmetry with respect to the forward/backward direction,
whereas even Legendre polynomials are symmetric with
that respect (see left columns of Figure 3). For further details
on the symmetry properties of the PECD signals see Figure S1 in the Supporting Information. The residual deviation
from complete asymmetry could be due to remaining small
differences in the ellipticity for LCP and RCP light. These
differences can be removed by subtracting the PECD signal of
the S-enantiomer from the PECD signal of the R-enantiomer.
The resulting difference of the PECD signals is displayed in
Figure 2 (right image of the third row).
Looking at the PECD signals of camphor, the third
Legendre polynomial seems to contribute most, whereas for
fenchone the first Legendre polynomial is dominant. To
obtain quantitative information for the different contributions we performed an Abel inversion assuming a cylindrically
Angew. Chem. Int. Ed. 2012, 51, 5001 –5005

symmetric photoelectron distribution projected onto a two
dimensional detector plane where the symmetry axis is the
light-propagation axis and is parallel to the detector plane. We
employed the pBasex approach.[4] to speed up the calculation
we downscaled our PAD images shown in Figure 2 to 200 
200 pixels. Our pBasex algorithm expands a PAD(R,q) in
100 spherical Gaussian distributions in steps of 2 pixels. Each
Gaussian has a width s of 2 pixels, is centered at Rk and is
multiplied by a sum of 4 even and 4 odd Legendre polynomials. Higher-order Legendre polynomials were considered in
addition but did not contribute significantly. The offset is
taken care of by the zero-order Legendre polynomial where q
is measured with respect to the light propagation [Eq. (1)].
X

k¼100; l¼8

PADðR; qÞ ¼

ðRRk Þ2
s

ckl e

Pl ðcos qÞ

ð1Þ

k; l¼0

The radius R is proportional to the square root of the kinetic
energy in a VMI setup. Abel-inverted and energy-calibrated
PAD images for (R)-(+)-camphor are displayed in the top
row of Figure 3 a and for (R)-()-fenchone in the top row of
Figure 3 b. To visualize the expected antisymmetry we derived
the symmetric and the antisymmetric component from the
Abel-inverted PECD signal. The antisymmetric part was
obtained by subtracting the symmetrized part, obtained by
1808 back-folding. An analogous decomposition of the PECD
signals from camphor and fenchone is shown in Figure S1 in
the Supporting Information. The main contribution to the
signal for camphor is centered at an excess energy of
approximately 0.52 eV, and for fenchone at approximately
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Figure 3. a) Upper row: Abel-inverted PECD signal for (R)-(+)-camphor and decomposition into symmetric and antisymmetric components. The
main contribution to the photoelectron signal is at 0.52 eV. Lower part: Retrieved averaged Legendre coefficients ckl from the different orders of
Legendre polynomials Pl schematically shown on the left side. Red bars: LCP amplitudes, green bars: RCP amplitudes. All odd Legendre
polynomials change sign either on changing the helicity of the light or the handedness of the molecule (difference indicated with blue arrows)
whereas the even contributions do not. b) Same as (a) for fenchone. The maximum of the kinetic energy distribution is at 0.56 eV.

0.56 eV, both with a full-width at half maximum (FWHM) of
approximately 0.23 eV. These values are 200 meV lower than
expected from the above mentioned vertical ionization
potentials from synchrotron experiments but in reasonable
agreement considering the 2+1 REMPI process. In addition
dynamic resonances can modify the excess energy[25] and
multiphoton resonances are likely to be shifted by strong
fields.[26] The involved Legendre coefficients ckl out of the
pBasex are summarized in Figure 3 a for camphor and in
Figure 3 b for fenchone. The coefficients are averaged over
about 17 Gaussian basis sets within the FWHM of the kineticenergy distribution. The expected main contribution of the
third Legendre polynomial to the PECD on camphor and the
dominance of the first Legendre polynomial in the fenchone
data are clearly visible. It is also seen that all odd Legendre
polynomials change sign either on changing the helicity of the
light or the handedness of the molecule whereas the even
contributions do not. The coefficients ckl are tabulated in
Table S1 and S2 in the Supporting Information. The reported
values are robust within  0.3 (absolute value) with respect to
pressure variations between 1  106 and 6  106 mbar ruling
out contributions from space charge effects and also with
respect to intensity variations from 0.3 I0 to 1.2 I0 ruling out
a significant change of ionization processes in this intensity
interval. Also no fundamental change of the PECD signal was
observed when changing the chirp (i.e. a linear variation of
frequency with respect to time) from 500 fs2 to +2000 fs2.
At the highest intensities, electrons with an additional energy
of one photon are also observed originating from above
threshold ionization (ATI). These ATI electrons also show
asymmetries with respect to the forward/backward direction
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of the light propagation, however, the low signal-to-noise
ratio has so far prevented us from providing quantitative
information about this contribution.
In summary we have demonstrated a circular dichroism
effect in the  108% regime derived from images of photoelectron angular distributions resulting from resonance
enhanced multiphoton ionization of randomly oriented
chiral molecules in the gas phase. Camphor and fenchone
were chosen as prototypes. So far this circular dichroism
effect was only observed in one-photon ionization experiments at synchrotron facilities. We believe that our table-top
laser-based approach opens the door to many analytical
applications. In the future we will explore the nuclear and
electron dynamics of the intermediate resonance with the
help of coherent control techniques.[27] In addition to a possible enhancement of the effect, such studies may also help to
determine the absolute configuration by comparison with
ab initio quantum-dynamic calculations.
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