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Investigation of photoelectron elliptical dichroism
for chiral analysis

Jason B. Greenwood * and Ian D. Williams

This paper describes a compact new instrument, conceived specifically for measurements of Photo

Electron Elliptical Dichroism (PEELD) and designed for simplicity of use as a prototype for a practical

analytical device. PEELD is an asymmetry in the electron angular distribution obtained from resonantly

enhanced multi-photon ionisation of a chiral molecule, where there is also a non-linear dependence on

the polarization ellipticity. Despite the fact that PEELD can provide a unique signature of molecular

structure and dynamics it has only been investigated in a few molecules to date. This is addressed in the

present study in a range of measurements of several terpenes and phenyl-alcohols. These show that

the PEELD signatures in structural isomers can be dramatically different and can also be influenced by

the intensity of the light. A systematic study in phenyl-alcohols containing the same chromophore and

chiral centre configuration shows consistent PEELD behaviour across the molecules except that the

magnitude reduces as the distance from the chromophore to the chiral centre increases. These

achievements demonstrate that this relatively simple set up can be used for scientific studies as well as

providing a blueprint for a practical chiral analysis instrument.

Introduction

Chirality is a critical property of Life on Earth as the biological
building blocks found in Nature, amino acids and sugars, are
found almost exclusively with one handedness. Enantiomers
are pairs of molecules which are mirror images that can’t be
superimposed on one another by rotations and translations
alone. As these molecules have the same chemical and physical
properties, it is only through their interaction with another
chiral structure or environment that they can be distinguished.
This ‘handshaking’ dependence becomes very critical in living
systems and needs to be carefully considered in the develop-
ment of new pharmaceuticals, agrochemicals, pheromones, or
fragrances.

Chiroptical phenomena have been studied since the 19th
century through differences in the real and imaginary refractive
indicies for left and right circularly polarised light which result
in optical rotation and absorption circular dichroism respec-
tively. The latter is an example of how a chiral reagent, in this
case the electric and magnetic fields which map out a helical
pattern in space, is used to examine the handedness of a
material. However, as there is a mismatch between the molecular
scale and the wavelength of the light, this interaction is mani-
fested weakly via interactions beyond the electric dipole approxi-
mation. As a result, while conventional chiroptical techniques are

very important for enantiomeric and structural analysis, they are
much slower and less sensitive than can be typically obtained in
other types of gas phase analytical chemistry.

However, since the start of this century a number of new
chiroptical phenomena have been discovered with intrinsically
larger signals which could allow more sensitive enantiomeric
differentiation. These include microwave three wave mixing,1–4

Coulomb explosion imaging,5–7 along with photoion circular
dichroism (PICD)8–17 and photoelectron circular dichroism
(PECD).12,13,18–62

PICD arises through the conventional absorption circular
dichroism generated from excitation of an intermediate state,
but PECD is manifested through the scattering of the photo-
electron by the chiral molecular potential during ionization
which generates a forward–backward asymmetry in the angular
distribution. Therefore, while large PICD asymmetries (41%)
only exist for specific molecules or through selective excitation
to specific vibrational states, these are ubiquitous for PECD and
have been obtained in the single-photon, multiphoton, tunnel-
ling, resonant and non-resonant ionization regimes.

For PICD measurements, differences in the total ionization
rates are measured by changing the polarization from left to
right circulation or the enantiomer from the R to S. This usually
means that two separate measurements of the ion yield must be
made for opposite polarizations which can introduce errors due
to fluctuations in target density, laser parameters or imperfec-
tions in the quarter waveplate used to create the circular
polarisation (although achiral reference molecules and some
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sophisticated setups have been used to mitigate these systema-
tic errors).8,16

In contrast the PECD parameter G, which is the normalised
difference between the forward to backward electron emission,
can be directly measured using only one handedness of
the circularly polarized light. Systematic uncertainties can then
be minimised or eliminated by averaging with a second
measurement taken with the opposite polarization.

The normalised photoelectron angular distribution,
described by a partial wave expansion of the electron’s wavefunc-
tion, results in an expression with 2N terms (where N is the number
of photons absorbed and Pi are Legendre polynomials).63,64

I yð Þ ¼ 1þ
X2N

i¼1
biPi cos yð Þ (1)

It is through the odd coefficients bi of this expansion that the
PECD is expressed. They are non-zero only for chiral molecules
irradiated with circularly/elliptically polarized light and change
sign for the opposite handedness of the polarization or mole-
cule. Subtraction of experimental data sets obtained with left-
and right-circularly polarized light reveals the PECD signature of
the molecule as a function of the emission angle y.

The G parameter can be obtained by integrating the angular
distribution over the forward and backward hemispheres. In
eqn (1), for single ionization the summation only includes the
first two terms yielding G = 2b1. A range of investigations of
PECD have shown that it depends on the orbital ionized, the kinetic
energy of the emitted electron,20,31,65,66 isomerization25,40,45,53 and
conformation of the molecule,24,27,51,61,67 and the final vibrational
state in the resulting cation.21,26,68 These show that PECD is a very
sensitive probe of molecular properties.

For multiphoton ionization more terms contribute to the
angular distribution. In this case, integration of the forward/
backward emission, leads to

G ¼ 2b1 �
1

2
b3 þ

1

4
b5 �

5

32
b7 þ . . . (2)

The multiphoton ionization process is usually resonantly
enhanced (REMPI) and the intermediate state(s) can strongly
influence the photoelectron asymmetry. This sensitivity has
been used to probe the ultrafast excited state dynamics in
fenchone in separate experiments using a two-colour pump-
probe scheme34,35 and by exploring how PECD evolves as a
function of pulse length.52 Another experiment using a cooled
molecular beam and a tuneable, narrowband nanosecond laser
found that the PECD was not strongly dependent on the
intermediate vibrational state populated, possibly due to the
Rydberg nature of the resonance.44

Another important consequence of the population of an
intermediate state is that the anisotropy of the excitation
results in preferential ionization of molecules with certain
orientations. Unlike single photon ionization, where intermediate
states are bypassed, this can produce a non-linear dependence
of G on the relative proportion of photons that are left- vs. right-
circularly polarized (Stokes parameter S3/S0). To distinguish it

from PECD this effect has been termed PhotoElectron ELliptical
Dichroism (PEELD).40,43,50,56

When the excitation occurs by absorption of linearly polarised
photons, molecules orientated with a transition dipole moment
along the laser polarisation direction will be preferentially excited.
However, for circularly polarized photons, it is molecules with their
transition moments lying in the plane of polarization which are
excited. Therefore, as S3/S0 changes, the anisotropy of the excitation
also changes. Although the photoelectron asymmetry arises from the
ionization step, scattering of the emerging electron is very strongly
dependent on the molecular orientation and hence the measured
asymmetry changes as the ellipticity of the laser pulse changes.

The first observation of PEELD was made in camphor at
400 nm33 and was subsequently validated in our own laboratory.56

A more detailed study of photoelectron angular distributions from
camphor and fenchone as a function of pulse ellipticity, showed
that this provides an additional observable which is sensitive to
the molecular characteristics.40 By acquiring data while continu-
ously varying the pulse ellipticity and performing Fourier analysis
of the resulting signal, the chemical and chiral content of a
mixture of compounds was demonstrated within a few seconds,
without the need for any pre-separation or mass analysis. A follow-
up paper observed PEELD signatures at two different wavelengths
in S-ibuprofen, showing the potential for analysis of species of
pharmaceutical interest.43

Controlling the anisotropy of the excitation in this way, has
helped reveal subtle excited state couplings which can be
hidden in conventional or even PECD spectroscopy.50 Despite
this potential for uncovering molecular dynamics, or as a
unique analysis tool, PEELD has yet to be studied more widely.
The present article describes the design and implementation of
a simple experimental set-up which has been used to charac-
terise the nature of PEELD in a range of chiral molecules.

Apparatus

A variety of different experimental setups have been used to
measure PECD/PEELD. For the first PECD measurement in
2001, two detectors with a limited angular acceptance were
fixed at 1801 to each other and could be rotated around the
interaction point.19 With the development of Velocity Map Imaging
(VMI) instruments it became possible to acquire the 3D angular
distribution and energy spectrum of the photoelectrons from their
2D projection onto a position sensitive detector. This powerful
technique has allowed PECD to be examined in exquisite
detail.20,33,39,57,60,66,69 Alternatively, with a time-resolved spectro-
meter the 3D angular distribution can be retrieved directly as long
as no more than one electron is emitted per laser pulse.29,32,40,46,48,70

Although VMI instruments remain the gold standard for studies
of PECD, stereo-detection has the advantage of directly extracting
the signature G asymmetry parameter using a simpler setup and
without the requirement for detailed analysis. For example, a
microchannel plate (MCP) detector with a split anode has been
used to measure single photon PECD from beams of anions.47

Single channel electron multipliers (CEM), which are more robust
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for practical applications than MCPs, have been used in our
laboratory with a magnetic rather than an electric field to confine
the angular spread of the photoelectrons.56 A uniform magnetic
field was directed along the laser direction so that the electrons
were confined radially while leaving their longitudinal momentum
unchanged. In this way those electrons emitted into the forward
and backward hemispheres drift apart until they reach an electric
field which deflects each electron bunch out of the laser’s path into
their respective CEM detector.

This apparatus has been used to obtain formative insight on
the nature of PECD/PEELD, including for non-volatile species
which are more relevant for potential applications.43,71

The ability to quickly detect the enantiomeric excess (e.e.) in
samples could be a valuable diagnostic for the discovery of
enzymes or organic catalysts employed in asymmetric synthesis
of pharmaceutical or other products.72 With such applications
in mind, we have designed and built a stereo-detection instru-
ment as a prototype for a practical analytical device. This
second generation instrument has a more straightforward
configuration than our previous design.

A schematic of the instrument is shown in Fig. 1. It consists
of a 6-way KF50 cross pumped by a single turbomolecular
pumping station (Agilent TPS-mini) to a base pressure of
o10�7 mbar. At its centre sits a grounded stainless steel block
with a 6 mm diameter channel into which a laser beam is
focussed. An effusive gas jet crosses the laser at 901 through
another channel in the block. Two coils in a Helmholtz
configuration were placed with their centres concentric with
the laser beam to generate a uniform field across the inter-
action region. A magnetic field strength of 30 Gauss is sufficient
to confine all photoelectrons with kinetic energies up to 2 eV
within the channel in the interaction block.

Two Photonis CEM 5901 Magnum detectors operating in a
counting mode were placed 11 mm from the laser axis on either
side of the interaction block. The front surface of each was
positively biased at 300–400 V to generate an electric field
which deflected the electrons once they emerged from the

grounded interaction block. In this way the counts integrated
in the angular ranges 0–901 and 90–1801 were measured in
CEM 1 and CEM 2 respectively. A double pass configuration was
utilised by placing a retro-reflecting spherical mirror (radius of
curvature 200 mm) inside the vacuum chamber. This mirror
was positioned so that the beam was re-focussed to the same
longitudinal position but with the return focus shifted radially
by about 100 mm from the original focus. As this reflection
causes a reversal of both the light polarization and the forward/
backward assignment of CEM 1 and 2, the same signal asym-
metry was generated from both passes of the laser. In this way
the signal rate could be doubled for the same target density.

While much of the spectroscopic detail is averaged out with
this approach, by streamlining the design to include only the
essential elements needed to measure PECD/PEELD, chiral
analysis was achieved without the need for a complex instrument.
The footprint of the vacuum system housing the apparatus,
including the pumps, was 30 � 15 � 65 cm. The only power
supplies required for operation were a 1 A constant current supply
for the coils producing the magnetic field (Danntech DCCU) and
two +4 kV supplies from a single computer controlled CAEN
DT5533EP unit for the CEMs. Compared to our previous
instrument,56 which is already much less complex and more
compact than other experiments that use position sensitive
detectors, the device in Fig. 1 requires fewer power supplies, a
smaller vacuum chamber, and the overall setup occupies an order
of magnitude smaller volume. Further details of the design can be
found in a recent PhD thesis.71

To multiphoton ionize the target molecules, femtosecond
laser pulses were obtained from a Spectra Physics Spirit HE
1040-30-SHG laser, based on an Yb3+ doped lasing medium
operating at a fundamental wavelength of 1040 nm (dimensions:
laser head 87.5 � 34 � 16 cm, power supply 60 � 56 � 75). For
this study the second harmonic was used with a pulse length of
300 fs, pulse rates of 200 kHz or 1 MHz, and pulse energies up to
4 mJ. The linearly polarised 520 nm pulses passed through a half
waveplate (Halle Optics) mounted in a Thorlabs SM05 fast stage
capable of a rotational frequency of up to 5 Hz, followed by a
fixed quarter waveplate (Halle). By rotating the half waveplate
through an angle of 451, measurements were taken alternately
for left and right polarizations corresponding to the same S3/S0

magnitude. The polarisation at every half waveplate angle used
for acquisition was measured using the rotating waveplate
method.73 These values aligned closely with that expected from
perfect waveplates. |S3/S0| = 0.99 was measured at angles where
circular polarisation was expected.

The asymmetry parameter G was calculated from these
measurements using eqn (3) which eliminates any imbalance
in the relative detection efficiency of the CEMs (F and B
correspond to counts in the forward and backward detectors
and L and R the left- and right-handed polarization respectively).

G ¼ 2
FL � FR

FL þ FR
� 2

BL � BR

BL þ BR
(3)

The laser pulses were focussed down to a focal waist
diameter of 30 mm by a plano-convex lens with a focal length

Fig. 1 Schematic of the experimental set-up. Laser light at 520 nm is
focussed by a plano-convex lens into the centre of a vacuum chamber
where it crosses an effusive gas jet inside a grounded stainless steel block.
Photoelectrons emitted in the forward (blue) and backward (red) hemi-
spheres are initially confined along the laser axis by a magnetic field B
generated by two current-carrying coils. Once each electron bunch
emerges from the block they are each attracted by the positive bias on a
channel electron multiplier detector (CEM1 and CEM2). A spherical mirror
was inserted to reflect the laser pulses to increase the volume of gas
exposed to the focussed pulses.
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of 150 mm, generating intensities up to 3 � 1012 W cm�2. The
target gas density was adjusted to produce a count rate of about
20 kHz in each CEM which was 10% of the laser repetition rate.
All samples in the study were acquired commercially and used
without further purification. The quoted chemical purity for all
samples was at least 97% but most did not have a certificate of
their enantiomeric purity.

For one complete rotation of the half waveplate, there are 8
angles corresponding to the same value of S3/S0 and another 8
for the opposite polarization �S3/S0. To obtain G for a parti-
cular value of |S3/S0|, data was acquired for a short period
(typically 0.5 s) at one waveplate angle corresponding to the
positive S3/S0 value. The angle was then changed by 451 to
acquire with the opposite polarization. This was done for all 8
|S3/S0| pairs and then repeated but in the reverse order, i.e.
negative followed by positive. Due to the high speed of the
rotational stage this could be achieved without any significant
dead-time. Therefore, using eqn (3), 16 measurements of G
were obtained in a way which minimised any systematic
uncertainties due to drifts in the target gas density, laser power
or small imperfections in the waveplate. The average value of G
and standard deviation were then calculated allowing updates
to be displayed approximately every 20 seconds.

This process was repeated multiple times and an overall
weighted mean and standard error calculated. For an acquisi-
tion time of 4 minutes an uncertainty in G of 0.1% was typically
obtained. This potential for rapid chiral identification could be
a valuable tool for in situ monitoring of chemical processes.

Results and discussion
Instrument validation – fenchone

To validate the performance of the new instrument, G was
measured as a function of |S3/S0| for 1S,4R-(+)-fenchone, with
and without the retro-reflecting mirror. These results, shown in
Fig. 2, are in very good agreement with each other, demonstrating
that multiple passes of a laser pulse through the target gas can be
used to increase signal rates while maintaining the same value of
G. By introducing multiple reflections with a cavity-type arrange-
ment, further enhancements could in principle be made to the
signal rate.

For fenchone at 520 nm, ionization proceeds by 3 + 1 photon
absorption via states around 7.2 eV above the ground state
(the vertical ionization energy is 8.6 eV),74 so that the electrons
take away roughly 1.0 eV of kinetic energy. No change in the
value of G was found when the magnetic field was varied in the
range 25–75 Gauss indicating all the photoelectrons were being
channelled into the detectors. The PEELD effect is evident from
the non-linear dependence on |S3/S0| and shows that the largest
asymmetry is not always obtained with circular polarization.

Fig. 3 compares data for both fenchone enantiomers
measured at intensities of: (a) 3 � 1011 W cm�2; (b) 3 �
1012 W cm�2. As expected, the enantiomers had the same
PEELD dependence but with opposite asymmetry. However,
the overall magnitude of G is lower for (�)-fenchone than

(+)-fenchone, indicating that the (�)-fenchone sample had a
lower enantiomeric purity. To measure this difference, each G
vs. |S3/S0| data set was fitted with an odd polynomial weighted
by the reciprocal of the variance of each data point. Assuming
an e.e. of 100% for the (+) sample, for each intensity enantio-
meric excesses of: (a) 66.5 � 3%; (b) 72.0 � 6%; were obtained.
Both these measurements are in good agreement with our
previous estimate for this sample of 66 � 5% using a different
instrument.56

Fig. 3 also illustrates that when the intensity was increased
by a factor of 10, there was a dramatic change in the PEELD
resulting in a change of sign as circular polarization was
approached. This intensity dependence indicates that overlapping
intermediate states are undergoing Stark mixing, which changes
the relative populations of these states. This results in different
molecular orientations being preferentially excited and the result-
ing photoelectron angular distribution is changed. This intensity
dependence is in good agreement with measurements made with
a VMI instrument at a similar laser wavelength (515 nm).40

a-Pinene and b-pinene

The PECD of the alpha and beta isomers of pinene have
previously been studied by single photon ionization just above
their ionization threshold75 and a-pinene has also been studied
by 2 + 1 ionization for a range of wavelengths from 371–
407 nm.49 Very large asymmetries of almost 40% were found
for single photon ionization and 10% or lower for the REMPI
measurements.

The vertical ionization energies of these isomers are 8.6 eV
and 9.0 eV.76 Their rigid structures mean that only one con-
former is present at room temperature and the ground state is a
p state localised around the double bond. The first excited state
lies 5.7 eV76 above the ground state and hence ionization with
520 nm proceeds via 3 + 1 photon absorption. PEELD measure-
ments for both enantiomers of a-pinene, Fig. 4a, shows that at
least one is not enantiomerically pure. Fitting to the data

Fig. 2 PECD asymmetry parameter G as a function of the degree of
circular polarization in the laser pulse for (+)-Fenchone with (blue squares)
and without (red triangles) a retro-reflecting mirror. The error bars are one
standard error of the mean. Weighted best fit lines are plotted using the
function G = ax + bx3 + cx5 + dx7 (x = |S3/S0|).
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indicates that (�)-a-pinene has an e.e. of 77.9 � 3% relative to
that of (+)-a-pinene.

A non-linear PEELD was also found for the isomers (1S,5S)-
(�)-a-pinene and (1S,5S)-(�)-b-pinene but was stronger in the
latter (Fig. 4b). They have very similar structures, with the only
difference being that the double bond is shifted from the ring
to the nearest methyl group with concomitant switch of a
hydrogen, causing a dramatic change in asymmetry.

The PEELD of b-pinene also shows a slight dependence on
intensity but, unlike fenchone, not when the polarization is
fully circular. This suggests that a broader range of states are
already being populated by absorption of circularly polarized
photons in weak fields, hence there is no change in the
populations when the intensity is increased.

Phenyl-alcohols

Due to the presence of the phenyl chromophore in these
molecules, the p–p* transition around 250–270 nm means that
ionization proceeds via a 2 + 1 + 1 scheme. PEELD measure-
ments for the R enantiomers of 1-phenylethanol, 1-phenyl-2-
propanol and 4-phenyl-2-butanol are shown in Fig. 5a. In these

three molecules the ionization site and the chiral centre are the
same but their physical separation changes.

It is noticeable that as the molecule lengthens, the magni-
tude of G reduces, with no asymmetry observed outside the
uncertainties for the largest molecule (o0.04%). This suggests
that since the electron is ionized from the chromophore, the
effect of the chiral molecular potential is reduced as the
separation of the chiral centre and chromophore increases.
An alternative explanation is that larger molecules have more
conformers present which would tend to reduce the asymmetry
when averaged over the ensemble. For the room temperature
gas used, two conformers were significantly populated for
1-phenyl-2-propanol77 and more were likely to be present for
4-phenyl-2-butanol. However, recent studies of large molecules
have shown that there is not much evidence for PECD being
averaged to zero when multiple conformers are populated. For
example G = 7% was obtained from a phenylalanine target with
as many as six conformers significantly populated and asym-
metry was still observed (G = 0.5%) for a peptide consisting of
15 amino acids.51

Fig. 3 G measured for the (+)-Fenchone (red) and (�)-Fenchone (blue)
yielding an e.e. of the (�) enantiomer of: (a) 66.5 � 3% for an intensity of
3 � 1011 W cm�2; (b) 72.0 � 6% for an intensity of 3 � 1012 W cm�2.

Fig. 4 G measured at 3 � 1011 W cm�2 for pinene; (a) enantiomers of
a-pinene yielding e.e. = 77.9 � 3% for the sample of (�)-a-pinene (blue);
(b) isomers (�)-a-pinene (blue), (�)-b-pinene at 3 � 1011 W cm�2 (black)
and 6 � 1011 W cm�2 (purple).
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Unlike the rest of our results, for these three molecules
PEELD was absent as the data had a linear dependence at the
level of the uncertainties achieved. This suggests that either
there is limited excitation anisotropy or the emission asymme-
try in the ionization step is weakly dependent on molecular
orientation. As there are two intermediate resonances, the
transition moments of these excitations may be in different
directions and a more isotropically distributed excitation of the
ensemble might be achieved prior to the final ionization step.
However, a previous measurement of 1-phenylethanol at
260 nm (1 + 1 ionisation) in our lab was also found to have a
linear dependence.41

When our target was switched from (R)-1-phenyl-2-propanol
to its isomer (R)-2-phenyl-1-propanol (Fig. 5b), G became non-
linear and changed sign. This suggests PECD/PEELD can
become more sensitive to the molecular orientation after a
small structural change. Theoretical calculations have shown
that PECD is generally highly dependent on molecular
orientation.48,78,79

Conclusions

In this paper, we have demonstrated that a stripped back
photoelectron stereo-detection set-up is capable of measuring
relative enantiomeric excesses in chiral molecules while also
providing evidence for the underlying photoelectron emission
mechanisms. By studying a number of different terpenes and
phenyl-alcohols, we have shown that these asymmetries are
usually strongly dependent on the degree of ellipticity of the
ionizing laser pulse when an intermediate excited state is
populated (the PEELD effect). This is due to the strong orienta-
tion dependence of the photoangular distribution following
anisotropic excitation of randomly orientated molecules.

We also have shown that PECD and PEELD can be influ-
enced by the laser intensity, something which has not been
commonly investigated to date. Most PECD studies have used
laser pulses at 400 nm (3.1 eV) which access excited states at
6.2 eV above the ground state via a 2 + 1 ionization process. In
the present study, a lower photon energy (2.4 eV) gives a higher
excitation energy (7.2 eV) where overlap of multiple states is
more likely and Stark mixing makes the asymmetry parameter
G sensitive to the electric field strength of the laser.

In some molecules this intensity dependence may limit the
precision obtainable with PECD/PEELD for absolute measure-
ments of the enantiomeric excess (e.e.). However, PECD/PEELD
could have a bigger impact for new applications where
fast sampling is needed such as for in situ analysis or when a
high sample throughput is required, something that is not
possible with existing technology. Such uses will require the
PEELD of molecules of interest to be properly characterised so
that the optimum polarization state for measurements can be
identified.

The dependence of the photoelectron asymmetry on the
ellipticity, wavelength, intensity, and isomerization will also
provide a unique molecular signature which could be used to
extract chiral and chemical information from a mixture of
compounds. From this perspective the instrument described
in this paper provides a template for the implementation
of a practical chiral analysis instrument. The simple design
has a small footprint, with a single integrated vacuum pump,
minimal electronics, and real-time data analysis. The largest
part of the current set-up is the laser but with continuing
advances in technology, reliable and more compact systems
will become available so that a commercial PECD/PEELD
chiral analysis spectrometer could become available in the near
future.
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Fig. 5 G measured at 3 � 1011 W cm�2 for phenyl-alcohol molecules. (a)
1-phenylethanol (blue), 1-phenyl-2-propanol (red), 4-phenyl-2-butanol
(black). There is a linear fit to each with gradients: 2.16 � 0.05%; 0.74 �
0.04%; 0.00� 0.04%. The samples of 1-phenyl-2-propanol and 4-phenyl-
2-butanol each had a certificate for optical purity of 99%. (b) 1-phenyl-2-
propanol (red), 2-phenyl-1-propanol (green).
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