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Coincident measurement of photo-ion circular dichroism and 
photo-electron circular dichroism 

Carl Stefan Lehmann and Karl-Michael Weitzel *a 

Two methods of laser-induced mass-selective chiral analysis based on circular dichroism have been reported in literature: 

photo-ion circular dichroism (PICD) and photo-electron circular dichroism (PECD). In PICD, a difference in total ion yields 

upon multiphoton ionization with circular polarized light is measured, whereas in PECD the circular dichroism is observed in 

the angular distribution of the photoelectrons. Here we report the first coincident measurement of the PICD and PECD 

effect. A home-built photoion-photoelectron coincidence spectrometer has been used to measure both the PICD and the 

PECD effect simultaneously under the same measurement conditions. Pure samples of R- and S-Methyloxirane have been 

photo-ionized using a femtosecond laser operation at 396 nm.   

Introduction 

Chiral identification techniques, that can probe the handedness 

of a chiral molecule, are of great importance in analytical 

chemistry and pharmacy, since chiral molecules often have 

pharmacological or biological properties different for the 

enantiomers. Since the physical and chemical properties of 

enantiomers are similar, experimental possibilities for analysis 

and distinction are limited to such techniques that are sensitive 

to the chirality.  

Chemical techniques for chirality analysis include diastereomer 

formation in the interaction of two chiral molecules, which is 

e.g. the basis for chiral chromatography.1,2 The absolute 

configuration of enantiomers can be determined e.g. by fs-laser 

or beam foil collision induced Coulomb explosion 3,4. Physical 

techniques, on the other hand, include the class of chiroptical 

methods. This class can be further subdivided into approaches 

using linear polarized light and others using circular polarized 

light. Into the former class, belongs the classical technique of 

optical rotation dispersion5. Phase-sensitive microwave 

spectroscopy has been demonstrated to be a powerful 

approach for the analysis of chiral isomer mixtures.6,7 The 

current work deals with a technique employing circular 

polarized light. Here, the classical approach is measuring the 

circular dichroism (CD) given by the difference in extinction 

coefficients, ε, of chiral molecules for left-handed circular 

polarized light (LCP) and right-handed circular polarized light 

(RCP).8 Classically, the CD effect is measured in one photon 

absorption and quantified by the anisotropy factor g:  

 

 𝒈 = 𝟐 ∙ (
𝜺𝑳𝑪𝑷 − 𝜺𝑹𝑪𝑷

𝜺𝑳𝑪𝑷  +  𝜺𝑹𝑪𝑷
) (1) 

 

However, CD is limited to measurements in solution since the 

signals are rather weak. CD spectra in solution are in general 

broad and not sensitive to chemical impurities. To analyse the 

composition of a sample, CD is often coupled to other analysing 

techniques, such as chromatography or mass-spectrometry.  

In recent decades, more sophisticated methods, that look at 

enantioselective, chiroptical excitation in ionization, have been 

developed: photoion circular dichroism (PICD) and 

photoelectron circular dichroism (PECD). The signal strengths of 

both PICD and PECD can be up to tens of percent – more than 

3-4 orders of magnitude larger than conventional CD. 

 

In PICD, a sample is ionized in the source of a mass spectrometer 

using a multiphoton ionization process. The PICD effect is 

measured as the difference in the ionization yield9: 

 

 𝑷𝑰𝑪𝑫 = 𝟐 ∙ (
𝒀𝑳𝑪𝑷 −  𝒀𝑹𝑪𝑷

𝒀𝑳𝑪𝑷  +  𝒀𝑹𝑪𝑷
) (2) 

 

Where YLCP and YRCP are the ionization yields of a specific ion 

upon ionization with LCP and RCP, respectively. In general laser 

ionization is accompanied by a certain fragmentation pattern. 

For each fragment ion considered there is a specific PICD value. 

The PICD effect inverts upon switching the enantiomer. The first 

PICD experiments were reported using ns-lasers.10–12 Later 

Weitzel and co-workers extended the method to fs-laser 

ionization.13–16 Mass selective chiral analysis studies have been 

recently reviewed.17  

Any single ionization event leads to the formation of one cation 

and one electron. Consequently the information contained in 

total electron yields must be the same as that contained in total 

ion yields. However, the chirality information of a molecule is 

also contained in the asymmetry of the photoelectron angular 

a. Fachbereich Chemie, Philipps-Universität Marburg, 35032 Marburg, Germany. 
Email: weitzel@chemie.uni-marburg.de 
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distribution with respect to the laser propagation direction. This 

asymmetry is commonly referred to as PECD defined by18 

 

 

𝑷𝑬𝑪𝑫 = 𝟐 ∙ (
𝒀𝑳𝑪𝑷,𝒇 − 𝒀𝑳𝑪𝑷,𝒃

𝒀𝑳𝑪𝑷
 −  

𝒀𝑹𝑪𝑷,𝒇 − 𝒀𝑹𝑪𝑷,𝒃

𝒀𝑹𝑪𝑷
) 

 

=  𝟒 ∙ (
𝒀𝑳𝑪𝑷,𝒇 −  𝒀𝑳𝑪𝑷,𝒃

𝒀𝑳𝑪𝑷
 ) 

 

=  −𝟒 ∙ (
𝒀𝑹𝑪𝑷,𝒇 −  𝒀𝑹𝑪𝑷,𝒃

𝒀𝑹𝑪𝑷
 ) 

 

(3) 

with 

𝒀𝑳𝑪𝑷 = 𝒀𝑳𝑪𝑷,𝒇 + 𝒀𝑳𝑪𝑷,𝒃 

𝒀𝑹𝑪𝑷 = 𝒀𝑹𝑪𝑷,𝒇 + 𝒀𝑹𝑪𝑷,𝒃 

 

where, for example, YLCP,f  stands for the total electron yield in the 

forward direction measured with LCP.  

The PECD effect was theoretically predicted by Richtie19 in 1976. 

However, it were the theoretical papers by Powis20,21 in 2000 

that have stimulated/activated the PECD research field. 

Recently, the theoretically description of PECD was extended to 

the multiphoton regime.22,23 

The first (single photon) PECD experiment was reported in 2001 

by Böwering et al. using synchrotron radiation.24 In the last 

decade, the first laser (multiphoton) PECD studies18,25 were 

reported. Mass-selective PECD can be achieved using 

photoelectron-photoion coincidence spectrometers and this 

was applied for the analysis of multicomponent mixtures.26 

Besides, it was demonstrated that PECD is even present in the 

strong field regime (ATI and tunnel ionization).27,28 Studies have 

shown that PECD is sensitive to the initial orbital from which the 

electron is ejected29, the molecular conformation30 as well as 

the molecular orientation.31 Furthermore, it has been shown 

that the ellipticity of the laser pulse can provide an additional 

dimension to discriminate enantiomers. 32–34 

The total transition dipole moment for the interaction of a 

molecule with electro-magnetic radiation consists of electric 

dipole contributions, magnetic dipole contributions and higher 

order terms.35 Conceptually, PICD and PECD arise from different 

contributions to the total transition dipole moment. For the 

multiphoton excitation considered in this work the PICD arises 

from the magnetic dipole transition in the multiphoton 

excitation. Its characteristics is in general dominated by the 

initial resonant photon absorption.10,14,36 The PECD, on the 

other hand, arises from the scattering of the electron in the 

chiral molecular potential of the final ionization step due to a 

purely electric dipole effect.37 

The observed PECD signal depends on details of the 

(multiphoton) nature of an ionization process. For example, in 

Camphor the observed multiphoton PECD is increased due to 

the 3rd order legendre polynomial, b3, (opposite sign with 

respect to the first order, b1)18,25, while in Fenchone the 

measured b1 and b3 had the same sign leading to a net decrease 

of the observed PECD.2 In MeOx the net effect of the higher 

order legendre polynomials on the PECD was close to zero.38   

Therefore, PICD and PECD experiments can complement each 

other. For example, a molecule can have a strong PICD signal 

but low PECD signal or vice versa. Ideally, both PECD and PICD 

should be measured simultaneously using photoelectron-

photoion coincidence, as it could provide an additional 

discrimination for identifying components in mixtures of 

compounds. 

 

The femtosecond laser photoelectron photoion coincidence 

technique has been pioneered by Davies et al.39 and Stert et 

al.40 Unfortunately, in all PECD experiment published to date, 

even in coincidence measurements, the PICD effect has been 

cancelled out by normalization of the data. Whereas, all the 

published PICD experiments were performed in non-

coincidence spectrometers. Thus, it is currently not possible to 

say whether a de facto exclusion exists between PECD and PICD. 

 

In this paper, we report the coincidence measurement of both 

PICD and PECD of Methyloxirane (MeOx) upon fs-multiphoton 

ionization at 396 nm in a single experiment.  

Experimental Section 

The experimental photoelectron-photoion coincidence 

spectrometer is schematically shown in Fig. 1. After ionization 

of a molecule, the electron and the ion were detected in 

coincidence on the two opposite detectors. A time- and 

position-sensitive delay line detector (Roentdek DLD40) was 

used to measure the electron, whereas the ion time-of-flight 

was measured with two chevron-stacked microchannel plates 

in combination with a copper anode (no position information). 

Constant voltages, optimized for electron imaging resolution, 
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were applied on the electrostatic lenses, leading to an electric 

field of 200 V cm-1 in the ionisation region. The use of constant 

voltages limits our mass resolution to m/m = 120. Higher ion 

mass resolution in combination with a high electron imaging 

resolution could be achieved by switching the voltages on the 

electrostatic lenses.41 

Both enantiomers of MeOx were purchased from Alfa Aesar and 

had a purity of 99%. The samples are effusively introduced into 

the vacuum chamber via 2 separate gas lines. The typical 

pressure inside the ionization chamber was 1 x 10-5 mbar. The 

pressure fell to below 5 x 10-8 mbar in between switching the 

enantiomers. 

Femtosecond laser pulses with a central wavelength of 792 nm 

and a pulse duration of 30 fs were generated by a Ti:Sapphire 

multipass amplifier system with a repetition rate of 15 kHz and 

an average output power of 7 W (Dragon, KMLabs). A fraction 

of the output beam was subsequently frequency doubled in a 

200 µm thick BBO crystal. The frequency double spectrum had 

a central wavelength of 396.0 nm and a spectral bandwidth of 

7.3 nm. Two dichroic mirrors were used to separate the second 

harmonic from the fundamental beam. The SHG beam was 

focused down to a spot size of 100 µm x 70 µm. Due to the 

dispersion of the optical elements, the estimated maximum 

pulse duration in the ionisation chamber is 90 fs.  

The laser intensity was continuously monitored by a power 

meter located behind the coincidence spectrometer, i.e. behind 

the output window. The experiments were performed with a 

pulse energy of 0.7 ± 0.1 µJ. The resulting intensity in the 

ionization volume is estimated to be 1011 W cm-2. Under these 

measurement conditions, approximately 0.027 for electrons, 

0.027 ions and 0.01 coincidence events were detected per laser 

shot. This results in a total ionization rate of 0.07 ionized 

molecules per laser shot42, therefore limiting the probability of 

false coincidence to less than 0.1% according to Poisson 

statistics.    

The circularly polarized light was generated by an achromatic 

broadband quarter-waveplate (RAC 2.4.15, B-Halle). The quality 

of the CPL was analysed before and after the measurement. The 

circular polarisation of both RCP as well as LCP was ≥97%.  

A fast stepper motor was used to rotate the quarter waveplate, 

switch the handedness of the circular polarized light, every 10 s 

(150 000 laser shots) in order to reduce effects of any 

experiment drift.  

The total dataset for each enantiomer and handedness 

contained a total of 54 million laser shots (360 x 10 s). Each 

coincident event was analysed and categorized as follows: 

enantiomer (R or S), ion mass, polarisation (LCP or RCP) and 

depending on the position on the electron detector either as 

forward (f) or backward (b).  

The PECD and PICD was calculated for each small dataset, 

consisting of consecutive measurements of LCP and RCP. 

Subsequently the mean value and standard error were 

calculated from the 360 small measurements. 

 

Results and Discussion 

The typical coincident mass spectrum of MeOx after 

multiphoton ionization at 396.0 nm is shown in Fig. 2. A rich 

fragmentation pattern is observed, with the most intense 

signals belonging to the parent ion (m/z = 58) and the fragment 

ion with m/z = 28. 

The adiabatic ionization energy of MeOx and the appearance 

energies for the fragment ions were reported by Garcia et al.43 

and are listed in Table 1. Four photons at 396.0 nm provide an 

energy of 12.5 eV, which is enough energy for the formation of 

most of the ions observed in the mass spectrum. Five photons 

are required for the formation of the lower mass fragment ions 

(m/z = 15, 26, 27). Rafiee Fanood et al.38 have measured the 

multiphoton ionization of MeOx at a slightly higher wavelength 

of 420 nm. They observed the same ions in their mass spectrum, 

although with lower fragmentation; that is a higher parent ion 

yield. This difference in fragmentation is most likely caused by 

laser characteristics (i.e. spectral bandwidth, chirp, pulse 

energy), as they optimized their measurement conditions to 

limit fragmentation.  

Table 1 Fragment and parent ions observed in the mass spectrum of Methyloxirane (Fig. 

2) and their appearance energies (AE), as well as the number of photons needed for the 

excitation wavelength of 396 nm. 

m/z Formula AE (eV)a 
Photons  

needed 

15 CH3
+ 12.74 5 

26 C2H2
+ 13.54 5 

27 C2H3
+ 13.04 5 

28 C2H4
+ / CO+ 11.32 4 

29 C2H5
+ / HCO+ 10.88 4 

30 C2H6
+ / H2CO+ 10.84 4 

31 H3CO+ 10.94 4 

43 C2H3O+ 10.87 4 

57 C3H5O+ 10.67 4 

58 C3H6O+ 10.24 4 

  a data taken from Ref 43 
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We will continue by first presenting the results on the photoion 

circular dichroism, followed by the results obtained for the 

photoelectron circular dichroism. For the determination of both 

effects the three dominant peaks in the mass spectrum are 

used; that is the parent ion (m/z = 58) and the fragment ions 

with m/z = 28 and m/z = 43. All data discussed in this paper are 

coincidence data only. We have used all coincidence events; i.e. 

no selection based on electron kinetic energy was applied for 

the PICD as well as the PECD determination. We have checked 

that the PICD values of the coincidence and non-coincidence (all 

ions) datasets are, within the experiment error, very similar.  

 

PICD 

Fig. 3 shows the PICD as a function of mass to charge ratio. The 

two enantiomers of MeOx can clearly be distinguished: the PICD 

value of R-MeOx is negative for all ions with an average value of 

approximately -7%, whilst the PICD is positive for S-MeOx. 

The PICD values and their corresponding errors for the different 

ions are listed in the second column of Table 2. For R-MeOx, the 

PICD value of parent ion is -7.3 ± 1.1%. The PICD value of the 

fragment ion with m/z = 28 is -6.8 ± 1.1%, hence close to the 

PICD value of the parent ion. The PICD value of C2H3O+ 

(m/z = 43) is 1.5% lower than that of the parent ion, 

i.e. -5.8 ± 1.1%.  

For the purpose of presentation and to correct for any 

systematic errors, the PICD values plotted in Fig. 3 were 

symmetrized around zero. However, we note that the raw 

(unsymmetrized) PICD values of all R-MeOx ions were negative 

and respectively positive for all S-MeOx ions (see Fig. S1 and 

Table S1 in the ESI). The asymmetries in the PICD values could 

be corrected by introducing a reference sample9,13, however 

this has the disadvantage of the loss of mass information due to 

overlapping mass signals between sample and reference. 

To the best of our knowledge, the only other PICD 

measurement on MeOx was reported by Horsch et al.13 They 

measured a PICD value for the parent ion of R-MeOx of 

+2.2 ± 0.9%, +1.9 ± 1.1% and +0.4 ± 0.5% for the multiphoton 

excitation at 810 nm, 878 nm and 738 nm, respectively. 

Unfortunately, they could not report the PICD values for the 

fragment ion of m/z = 43, as it overlapped with the reference 

sample. 

Under our measurement condition, we observe a larger 

discrimination of the enantiomers; that is a higher absolute 

PICD value. This could be attributed to either the positive chirp 

of the laser pulse in our experiment and/or the excitation 

wavelength. For example, Horsch et al.15 demonstrated that a 

longer pulse duration, by applying a positive as well as a 

negative linear chirp, can increase the PICD value by over a 

factor of 3. For 3-Methylcyclopentanone a pronounced 

wavelength dependence of the PICD was also observed, the 

values being -0.8% at 648 nm3 and +27% at 324 nm.12 

 

Table 2: Symmetrized PICD and PECD values and their corresponding standard for the 

multiphoton excitation of Methyloxirane at 396.0 nm. The sign of the PICD and PECD 

values corresponds to the value of R-Methyloxirance. The ions that dominant the mass 

spectrum are highlighted. 

m/z PICD (%) PECD (%) 

15 -7.9 ± 2.9 -6.5 ± 7.9 

26 -7.0 ± 2.1 -5.3 ± 5.2 

27 -8.8 ± 1.9 -6.8 ± 4.5 

28 -6.8 ± 1.1 -8.4 ± 1.4 

29 -7.4 ± 1.3 -6.2 ± 2.3 

30 -7.2 ± 2.2 -5.2 ± 5.6 

31 -6.8 ± 1.8 -9.0 ± 3.9 

43 -5.8 ± 1.1 -7.9 ± 1.5 

57 -6.2 ± 1.6 -6.4 ± 3.7 

58 -7.3 ± 1.1 -4.4 ± 1.3 

 

 

PECD 

The multiphoton PECD as a function of mass to charge ratio is 

shown in Fig. 4 and the values for R-MeOx are tabulated in the 

third column of Table 2. To correct for any systematic errors and 

for the purpose of presentation, the PECD values shown in Fig. 

4 and Table 2 were symmetrized around zero. The raw PECD 

data are listed Table S2 and S3 and are shown Fig S2 (ESI). 

It is observed that the PECD values for the different ions of 

R-MeOx are negative and span the range of -4% to -9%. For 

R-MeOx, the PECD value of the parent ion is at -4.4 ± 1.3% the 

lowest PECD value, in absolute terms, of all the detected ions. 

The PECD values of the fragment ions corresponding to m/z = 28 

and m/z = 43 are -8.4 ± 1.4% and -7.9 ± 1.5%, respectively. 

Hence, both fragment ions have a significantly higher PECD 

value than the parent ion. 

Rafiee Fanood et al.38 have measured the PECD for multiphoton 

ionization of MeOx at a slightly higher wavelength of 420 nm. 

For the parent ion of R-MeOx, they reported a mean PECD value 
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for electrons associated with photoexcitation from the HOMO-1 

orbital of -4.7 ± 0.8%, whilst the selection of electrons 

associated with the photoexcitation of the HOMO orbital 

(electrons with higher kinetic energy) resulted in an increased 

PECD value in the excess of -10%. %. The variation of the PECD 

over the photoelectron spectrum has also been observed in 

single-photon PECD measurement.44 

We also observe an increase in the PECD value of the parent ion 

of R-MeOX to approximately -8%, when selecting the high 

kinetic energy electrons. The influence of the kinetic energy of 

the electrons is illustrated in the supplementary information 

(Fig. S4). However, since the focus of this paper is on the 

coincident detection and especially the comparison of PICD and 

PECD, we have chosen to present the data without the selection 

of electron kinetic energy.  

Overall, the PECD effect observed for the parent ion in this work 

at 396 nm is slightly smaller than for the multiphoton excitation 

at 420 nm.4 For the C2H3O+ fragment ion (m/z = 43) this is 

reserved; under our measurement condition the PECD effect 

(for R-MeOx) increases to -7.9 ± 1.5%, while the reported PECD 

effect at 420 nm was close the -4%.38 We observe an even 

higher PECD of -8.4 ± 1.4% for the fragment ion with m/z = 28. 

Since the authors of Ref 38 optimized their experimental 

conditions to limit fragmentation, they only reported a PECD 

value for all ions with a mass to charge ratio of 26 to 32. For this 

range they observed a PECD on the order of -6%.  

 

PICD and PECD comparison 

The PICD and PECD effects rely on different selection rules, 

therefore both measurement techniques can complement each 

other. It is a priori not always obvious which of these techniques 

will offer the higher degree of distinguishability for the 

enantiomers under investigation. This could also change, for 

example, as a function of ion mass to charge ratio and/or laser 

characteristics (i.e. wavelength, pulse energy, pulse duration, 

chirp).  

To illustrate this, it is useful to compare columns 2 and 3 of 

Table 2. Whilst for parent ion of Methyloxirane PICD offers a 

better distinction than PECD. This is reserved for the two 

dominant fragment ions (m/z = 28 and 43); that is the measured 

PECD is greater than the PICD. Furthermore, it is interesting to 

note that we observe in increase of the PECD value from -4.4% 

to -8% when selecting the higher kinetic energy electrons of the 

parent ions (Fig S4 in the ESI). In contrast, the PICD value 

remains effectively unaltered (-7.3% vs -7.1%) for the same 

selection (Fig S3 in the ESI). 

To understand these differences in behaviour between the 

measured PICD and PECD values, further investigation are 

needed. It is needless to say that these studies should be 

performed under the same measurement, therefore in 

photoion-photoelectron coincidence experiments.  

Conclusions 

In this paper, we have presented the first measurements on the 

distinction of chiral molecules using the PICD and PECD 

detection techniques in coincidence; that is under the same 

measurement condition. We have used a photoion-

photoelectron coincidence detection in combination with fs-

multiphoton ionization at 396 nm to distinguish the 

enantiomers of the chiral molecule Methyloxirane. For R-

Methyloxirane, the PICD as well as the PECD are negative. The 

parent ion show a higher negative value for PICD than for PECD, 

but this reverses for the dominant fragment ions (m/z = 28 and 

43). 

Most likely, it is a pure coincidence that PECD and PICD have an 

almost identical magnitude and sign in the Methyloxirane 

studied in this work. In general, this is not expected to be the 

case. Therefore, the simultaneous detection of both the PICD 

and PECD would provide complementary information to 

discriminate chiral molecules. This should lead to a higher chiral 

selectivity, especially in cases where multicomponent mixtures 

are analysed.  

Clearly, more theoretical work is required to better understand 

the complementarity of PICD and PECD, in particular 

considering the wavelength dependence, the role of resonant 

intermediate states and the duration of the excitation pulse. 
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