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Single Photon Photoelectron Elliptical Dichroism of Amino Acid 
Anions

Jon Henrik Both, Karl-Michael Weitzel
Chemistry Department, Philipps-Universität Marburg, 35032 Marburg, Germany

Abstract

Single photon photoelectron elliptical dichroism (PEELD) has been investigated in the 
photodetachment of electrosprayed amino acid anions, i.) tryptophan (Trp) and ii.) 
phenylalanine (Phe). PEELD refers to the variation of the asymmetry parameter 𝐺 with the 
ellipticity parameter |𝑆3/𝑆0|. For Trp 𝐺 is found to scale linearly with |𝑆3/𝑆0|. For Phe a small 
but significant deviation from linear scaling is observed in the region of 0.8 ≤ |𝑆3/𝑆0| ≤ 1, i.e. 
approaching perfect circular polarization. Commonalities and differences to existing PEELD 
literature are being discussed. 

Introduction

Research in the field of chirality continues to attract considerable interest. Recent work has 
been shining new light on different aspects of chirality ranging from molecular chirality in the 
synthesis and analysis of enantiomers 1 2 3 to helical chirality in proteins regarding suitable 
medical attack schemes on viruses 4 and also graphene nanostructures regarding their optical 
and electronic properties. 5 6
In the context of this work the development of chiroptical techniques has been most pertinent. 
While classical circular dichroism has been measured in one photon electronic absorption 
(ECD) 7 8 for many decades, the measurement of circular dichroism in total ion yields (PICD) 9 
10 11 12 and in photoelectron angular distribution (PECD) 13 14 15 16 17 18 19 20  has been 
demonstrated to yield inherently larger CD values compared to ECD observed in one photon 
absorption in the last two decades. This enhanced sensitivity has paved the way towards new 
analytic methods in chirality analysis ultimately leading, e.g., to the coincident detection of 
PICD and PECD. 21 22 
The development of photodetachment of electrons from electrosprayed anions represents 
another milestone providing access to the chirality analysis of single chemical entities of 
biological relevance. 23 24 25

For most of the history of chiroptical experiments, the focus of efforts was on achieving the 
highest degree of circular polarization possible. This was motivated by the perception that the 
largest PICD or PECD values would inherently be expected for perfect circular polarization. 
Recent work employing elliptically polarized light has shown, that the reality is much more 
colorful. By now, there is a number of published reports systematically studying the asymmetry 
parameter 𝐺 as function of the ellipticity of the light. This ellipticity is most suitably characterized 
through the ratio of Stokes parameters |𝑆3/𝑆0|. In the limit of |𝑆3/𝑆0| approaching 1 the light 
becomes perfectly circular polarized and the PEELD turns into the classical PECD. In particular 
for multiphoton ionization schemes the largest asymmetry parameters were often not observed 
for perfect circular polarization, i.e., |𝑆3/𝑆0| = 1 but for ratios |𝑆3/𝑆0| < 1. 26 27 28 29 In early 
work Lux et al. reported a small deviation from linear scaling of G with the ellipticity of the light, 
however, with the largest G value observed for perfect circular polarization. 30 The work 
mentioned above all considered photoionization of neutral molecules. On the other hand, there 
is by now a number of reports on the PECD observed in photodetachment from anions.24 25 31 
32 33 We are not aware of PEELD studies in photodetachment from anions. It is the goal of this 
work to close this gap, by providing two examples for PEELD measurements, i. one for 
tryptophan, for which the largest PEELD is observed for perfect circular polarization and ii. one 
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for phenylalanine, where the largest PEELD is observed around |𝑆3/𝑆0| = 0.95. In both cases 
photodetachment is initiated by one photon absorption.

Experimental

The PEELD measurements described in this work have been carried out in an Electrospray-
Ionisation-PECD spectrometer previously described by KRÜGER and WEITZEL.24 In brief, anions 
are generated in an Electrospray-Ionisation source, transferred to an octopole ion trap, before 
being introduced into the source of a CD spectrometer capable of analyzing electrons and also 
ions. Photodetachment is induced by shining laser light onto the anion beam. Detached 
photoelectrons are detected on a microchannel plate detector with two half-circle anodes 
positioned in forward and backward direction for analysis of asymmetries. Polarization of the 
laser light is controlled by a combination of a Glan-Taylor polarizer from TOPAG LASERTECHNIK 
and an achromatic Quarter-wave plate from BERNHARD HALLE NACHFL. Analysis of the 
polarization state is performed by use of a second set of identical polarizer and Quarter-wave 
plate.
Compared to our previous set up 24,32, the polarization manipulation has been optimized by 
implementing an enhanced gearing ratio of the quarter-wave plate (QWP) used to convert the 
linear polarization to elliptical polarization. The new gearing ratio enables a four times more 
precise setting of the QWP angle (smallest step for angle variation, Δ𝜑min = 0.45°). The current 
precision for the determination of 𝑆3/𝑆0 is ±  0.01. To analyze the polarization a turning QWP, 
fixed polarizer approach was used.34 Pulse energies were ranging from 50 µJ to 100 µJ and 
for each recorded polarization state 200000-300000 laser shots were recorded. 
All PEELD experiments have been performed employing solutions of commercially available 
L-Phe (MERCK KGAA), nominal purity 99%, D-Phe (FLUOROCHEM), nominal purity 98%, L-
Trp (APPLICHEM GMBH), nominal purity 99%, and D-Trp (FLUOROCHEM), nominal purity 97%, 
were used. The purity stated refers to chemical purity. The concentrations of the analytes were 
100 µmol/L for tryptophan and 50 µmol/L for phenylalanine. As a solvent pure methanol (HPLC 
grate) from FISHER SCIENTIFIC was used. The PECD of Phe and Trp anions had been reported 
previously. 32 For comparison to those former data sets the light source was kept at the same 
settings, as used before.32 The Radiant Dyes NarrowScan dye laser was operated at 10 Hz at 
234 nm employing Coumarin 102.

Results

For the analysis of the polarization the light intensity is described by equation 1, based on 
Stokes parameters.

𝐼 =
1
2 ⋅ 𝑆0 ― [𝑆1 ⋅ cos(2 ⋅ 𝜑) + 𝑆2 ⋅ sin(2 ⋅ 𝜑)] ⋅ cos(2 ⋅ 𝜑) + 𝑆3 ⋅ sin(2 ⋅ 𝜑) 1

Figure 1 depicts the measured reduced Stokes Parameter for 𝑆1, 𝑆2 and 𝑆3. These parameters 
were reproducible throughout the entire set of experiments. The measurements show nearly 
identical absolute values for 𝑆3/𝑆0 for each ellipticity and in all cases comparable 𝑆1/𝑆0 and 
𝑆2/𝑆0 parameters. It is therefore assumed that LEP and REP measurements for the respective 
ellipticity can be compared with each other and symmetrization is eventually carried out 
between them. Evidently, the optimized polarization setup employed in this work, allows 
generating both elliptical polarizations with the same value for 𝑆3/𝑆0 over the whole range of 𝑆3
/𝑆0 [ ― 1:1].
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Figure 1 Characterization of polarization for the PEELD measurements of tryptophan and 
phenylalanine. Measured Stokes parameters 𝑆1/𝑆0 (cross), 𝑆2/𝑆0 (star) and 𝑆3/𝑆0 (dot), ideal 

behavior of a quarter wave plate on linear polarization (dotted lines).

For the analysis of asymmetries 𝐺 the same procedure was employed as in previous work.32 
The forward-backward-asymmetry 𝐺 of the photoelectrons was calculated for single laser shots 
with equation 2. The resulting asymmetry 𝐺𝑝 is depending on the polarization p. The electron 
integral signal is denoted as Y with forward and backward direction on the detector denoted 
as FWD and BWD. 
Photoelectron asymmetries were always measured for two opposing elliptical polarizations in 
a direct sequence and symmetrized between those two measurements. To optimize the 
measurement versus dead time of the setup we do those measurements in bunches of laser 
shots, so called passes. Each pass consists of 300 laser shots LEP and 300 laser shots REP. 
Again, to reduce dead time we do not change the polarization between two passes. Effectively 
we therefore measure 600 laser shots LEP and 600 laser shots REP alternating.
These alternating measurements are usually carried out for 6-8 h, i.e. one day of operation, 
for one |𝑆3/𝑆0| ratio and one enantiomer. For each laser shot the electron time-of-flight 
spectrum between 0 ns and 8022 ns is recorded and stored. The analysis of the electron 
asymmetry is done after the measurement. The ellipticities of our polarization were measured 
in advance and checked repeatedly. No significant drift was observed.

𝐺𝑝 = 4 ⋅
𝑌𝐹𝑊𝐷

𝑝 ― 𝑌𝐵𝑊𝐷
𝑝

𝑌𝐹𝑊𝐷
𝑝 + 𝑌𝐵𝑊𝐷

𝑝

2

The polarization dependent asymmetry was subsequently symmetrized using equation 3

𝐺 =
𝐺𝐿𝐸𝑃 ― 𝐺𝑅𝐸𝑃

2
3

Errors given in the PEELD plots are the standard errors from the calculation of 𝐺𝑝 that were 
propagated to 𝐺 using equation 4.

Δ𝐺 =
Δ𝐺𝐿𝐸𝑃 + Δ𝐺𝑅𝐸𝑃

2
4
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Tryptophan

Triggered by experience from previous work, the mono-anion of the deprotonated dimer, i.e. 
the [2Trp ― H]― signal, was selected for the PEELD measurements of tryptophan. There, 
PECD values of ± 0.05 have been reported for the dimer anion, a factor of 5 larger than the 
corresponding value for the monomer anion.32 Selection of the dimer anion provides access to 
better signal-to-noise ratios. Here, it is possible to exclusively photodetach the tryptophan 
dimer, and therefore it is also possible to isolate the PEELD of said anion. Figure 2 shows the 
mass spectrum of tryptophan in the mass region ranging from the monomer anion to the dimer 
anion. The depicted difference trace highlights the photodetachment of the dimer anion, the 
absence of other peaks in the trace shows that exclusively electrons from the dimer are 
detected.

Figure 2 Mass spectrum of tryptophan with laser induced depletion. Spectrum with laser 
interaction, signal (black line); spectrum without laser interaction, background (red line) and 

difference induced by the laser interaction, difference (blue line).

For the analysis of the PEELD of Trp-dimers, the asymmetry of the angular distribution of the 
photoelectrons detached from said species was measured. As shown in Figure 1 the two linear 
reduced Stokes parameters 𝑆1/𝑆0 and 𝑆2/𝑆0 were kept as close to each other as possible 
while systematically varying the 𝑆3/𝑆0 parameter. The asymmetries presented are the 
symmetrized values for 𝐺 calculated with equation 3. The measured asymmetries are 
presented in Figure 3 as a function of |𝑆3/𝑆0|. In the limit of |𝑆3/𝑆0| = 1 the observed G 
parameter is ± 0.055. Within the error margin, this is compatible with the value of 
𝑃𝐸𝐶𝐷 =± 0.05 reported in previous work. 32 
The main conclusion from Figure 3 is, that 𝐺 in good approximation scales linearly with |𝑆3/𝑆0|. 
The gradient of the increase is basically identical for both enantiomers and symmetric around 
𝐺 = 0. The observed gradient is ―0.055 for L-Trp and +0.055 for D-Trp. 
In order to elucidate the number of photons involved in the detachment process, the electron 
yield has been analyzed as a function of the laser intensity. The log – log plot of the electron 
yield versus the laser intensity exhibits a slope equal to 1 (c.f. Fig. S3 of the ESI), indicating 
that the detachment is predominantly induced by one photon. This appears plausible with 
regard to the threshold for detachment reported at 2.85 eV for the Trp monomer anion 35 
compared to a photon energy at 234 nm corresponding to 5.3 eV. The threshold for 
detachment from the Trp dimer anion may differ slightly from the value of 2.85 eV. Evidently 
the photon energy employed in this work is sufficient to overcome the threshold for 
detachment.
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Figure 3 Measured asymmetries 𝐺 of tryptophan for different ellipticities |𝑆3/𝑆0| (symbols). 
Result of linear regression through origin employing the relation 𝐺 = 𝑎1 ⋅ |𝑆3/𝑆0| (dashed 

lines).

Phenylalanine

In the case of phenylalanine a PECD value of ± 0.037 has been reported for the monomer 
anion [Phe ― H]―, significantly higher than the values for the monomer anion [Trp ― H]―.32 In 
this work, the mass spectrum for the Phe-monomer was remeasured to verify that the electrons 
are photodetached from the intended species. Figure 4 shows that we are able to isolate the 
Phe-monomer and photodetach only this species. This is highlighted by the difference 
spectrum.

Figure 4 Mass spectrum of phenylalanine with laser induced depletion. Spectrum with laser 
interaction, signal (black line); spectrum without laser interaction, background (red line) and 

difference induced by the laser interaction, difference (blue line).

The data for the PEELD of Phe exhibit a more complex variation of 𝐺 with |𝑆3/𝑆0|. In the range 
of |𝑆3/𝑆0| values from 0 ― 0.8 a basically linear increase of 𝐺 with |𝑆3/𝑆0| is observed, but for 
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higher |𝑆3/𝑆0| values in the region of 0.8 ― 1 a deviation from linearity is evident. The maximum 
absolute value for 𝐺 is observed around |𝑆3/𝑆0| = 0.95. Note, that the experimental data 
presented for D-Phe and L-Phe are almost perfectly mirror symmetric without enforcing this by 
the data analysis. The PECD value, i.e. the 𝐺 value for |𝑆3/𝑆0| = 1 is ± 0.033, i.e. slightly lower 
than the previously reported value of ± 0.037.32 The numbers are fully compatible within the 
error margins, in particular considering that the actual |𝑆3/𝑆0| in that previous work was rather 
0.99 than 1.
As for the Trp case, the number of photons involved in the detachment was investigated by 
analyzing the variation of electron yields with the laser intensity. The log – log plot of the 
electron yield versus the laser intensity exhibits a slope equal to 1 (c.f. Fig. S4 of the ESI), 
indicating that the detachment is predominantly induced by one photon. This appears again 
plausible with regard to the threshold for detachment reported at 3.54 eV for the Phe monomer 
anion 35 compared to a photon energy at 234 nm corresponding to 5.3 eV. Evidently, the 
photon energy employed in this work is sufficient to overcome the threshold for detachment.

Figure 5 Measured asymmetries 𝐺 of phenylalanine for different ellipticities |𝑆3/𝑆0| 
(symbols). Linear regression employing the relation 𝐺 = 𝑎1 ⋅ |𝑆3/𝑆0| for 0 < |𝑆3/𝑆0| < 0.81 

(dashed lines) to highlight the linear increase of 𝐺 in this range. The extrapolation to |𝑆3/𝑆0
| = 1 (dotted lines) highlights the PECD value that closly matches the linear approximation.

Discussion

The main findings of the current work pertains to the characteristic variation of 𝐺 with |𝑆3/𝑆0| 
presented in Figure 3 and Figure 5 indicating a linear variation for Trp but a non-linear variation 
for Phe.
Since the PECD may be considered a special case of PEELD, i.e. the one for which |𝑆3/𝑆0| = 1
, but much more information being available on PECD than PEELD, it is instructive to briefly 
recall the current view on this PECD. Here, the currently established way of modelling the 
PECD is based on a coefficient 𝑏±1

1  and the first Legendre polynomial, 𝑐𝑜𝑠𝜃, as indicated in 
equation 5. This representation is considered valid in the case of a single photon excitation 
from a single initial orbital in a case where the outgoing electron feels an isotropic potential of 
the chemical system left behind. The superscript ± 1 represents the direction of circular 
polarization.14,17 In the following only the +1 polarization is addressed explicitly, with 𝑏+1

1 = ―
𝑏―1

1 .
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𝐺 = 2𝑏+1
1 𝑐𝑜𝑠𝜃 5

Due to the use of two half plate detectors in the current setup with, the electrons detected are 
effectively angle integrated from 0 to 180° and from 180° to 360°. As a consequence, the full 
photoelectron angle distribution (PAD) is not accessible anymore and equation 5 simplifies to 
equation 6.

𝐺 = 2𝑏+1
1

6

While the use of hemispherically integrating detectors prevents us from analyzing full PAD’s, 
the current data still provide intriguing hints at the mechanism involved. Since, as a matter of 
fact the PEELD data of [Phe ― H]― cannot be presented by a linear regression function, the 
current data set has been modelled by the same approach as suggested by GREENWOOD et 
al., i.e. a power series expansion of 𝐺 in (𝑆3/𝑆0)𝑛, with 𝑛 = 1, 3, 5, 7, 9, i.e. up to.

𝐺 = 𝑎1 ⋅ |𝑆3

𝑆0
|1

+ 𝑎3 ⋅ |𝑆3

𝑆0
|3

+ 𝑎5 ⋅ |𝑆3

𝑆0
|5

+ 𝑎7 ⋅ |𝑆3

𝑆0
|7

+ 𝑎9 ⋅ |𝑆3

𝑆0
|9 7

This approach is presented in detail in the electronic supplementary material (ESI). For 
allowing a critical assessment of the analysis, fits are shown in the ESI for increasing number 
of non-linear terms included. Evidently and not surprisingly, the fits become better with 
increasing number of terms included as judged from the 𝑅2 value observed. The pivotal 
question is, which terms are significant for inclusion in the analysis. In a conservative approach, 
the inclusion of non-linear terms would be interpreted not significant in the case of Trp but 
significant at least up to the 7th order for the Phe data set.
This in turn triggers the question for the reason of non-linear contributions to the PEELD. COMBI 
et al. reported the PEELD for a number of molecules in the (n+1) REMPI of neutral molecules 
including the full PAD’s. They reported a linear variation of the asymmetry parameter 𝐺 with 
|𝑆3/𝑆0| for low absolute values of |𝑆3/𝑆0|, assuming that linear polarization dominates this 
region, but non-linear variation at large absolute values of |𝑆3/𝑆0|. In the latter case, the 
PEELD was concluded to be dominated by the final step of REMPI, i.e. a one photon excitation 
leading to the ejection of the electron. In that limiting case the non-linearity observed in 𝐺 was 
correlated with the number of photons absorbed in the detachment, in analogy to the common 
approach in the analysis of PECD for multiphoton ionization of neutral molecules.19 30 36 For a 
more general overview covering photoelectron angular distributions (PAD) the reader is 
referred to the literature .37 38

The situation is different for the experiment presented in this work in various respects. First, as 
evidenced from the laser intensity dependence of electron signals, all data presented here 
result from one photon excitation. Thus, a multiphoton rational is not operative in explaining 
the findings.
There are further possible reasons causing non-linear scaling of 𝐺 with |𝑆3/𝑆0|. 
First, the photodetachment of electrons from an anion leaves a neutral radical behind. Thus, 
the PECD and PEELD observed originate from the interaction of an outgoing electron wave 
with the potential of a neutral species. As a consequence, coulombic forces can be neglected 
here, in contrast to the PECD in the ionization starting from a neutral species. This is also 
reflected in the Wigner laws for ejection of an electron being different for ionization of a neutral 
and detachment from an anion.39 40 41 42 The molecular potential of the neutral radical formed 
in our photodetachment is not known and it is not clear at this point, how the PEELD depends 
on that particular potential.
There is another, perhaps even more likely, cause of non-linearities in 𝐺. The detachment 
energy provided by the laser photon is more than 1.5 eV above the detachment threshold in 
the case of Phe anions. At this energy the electron signals detected may well contain 
contributions not only from the HOMO orbital of the anion but also from lower lying orbitals in 
the anion. For indalone anions, e.g., BRANDT et al. reported that different orbitals may 
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contribute with different sign to the overall PECD.33 That could give rise to non-linearities in an 
analysis as employed in this work. 
Additional insight into this matter would benefit from angle resolved measurement of the PAD 
and from molecular orbital calculations. Both are not available to us at this point. Still, we 
conclude that hemispherically integrated measurements of PEELD contain subtle details of the 
detachment mechanism to be unraveled in future work. It is hoped that the current work triggers 
future efforts along this line of question.

Summary and Conclusion

The photoelectron elliptical dichroism (PEELD) has been investigated in the photodetachment 
of electrons from electrosprayed amino acid anions. For one example presented, the 
tryptophan dimer anion, the asymmetry parameter 𝐺 scales predominantly linear with the 
ellipticity parameter |𝑆3/𝑆0|. For another example, the phenylalanine monomer anion the 
scaling of 𝐺 with |𝑆3/𝑆0| deviates markedly from linearity, in particular for |𝑆3/𝑆0| values around 
0.9. Here, the photodetachment is very likely a single photon process.
Linear and non-linear scaling of 𝐺 with |𝑆3/𝑆0| has also been reported by GREENWOOD et al. 
in the multiphoton ionization of several neutral molecules.26 For fenchone and pinene, e.g., a 
non-linear scaling was observed. For several phenyl alcohols a linear scaling was observed. 
In addition, GREENWOOD et al. demonstrated that the characteristics of the ellipticity 
dependence can be influenced by changing the laser light intensity. This clearly refers to 
multiphoton excitation processes. While it is obvious to discuss the population of intermediate 
states in multiphoton ionization, such states are not involved in single photon 
photodetachment. Therefore, more studies are needed to further advance the understanding 
of the effect of ellipticity in photochemical processes. In particular, single-photon elliptical 
dichroism of a neutral molecule could give further insights and help with the understanding of 
the phenomena.
Research on the effect of elliptical polarization is highly relevant. It can give insights beyond 
the analysis in a closed chemical or physical setup. It is, e.g., of astrophysical importance due 
to the occurrence of elliptical polarization within the cosmos emitted by interstellar objects and 
possible implications for the origin of homochirality.43 44 45 Furthermore elliptical polarization 
was measured in the first meters below the marine surface.46 47 An effect of the elliptical 
polarization on marine wildlife is therefore also possible.48 49

Conflicts of Interest 

The authors declare no conflict of interest.

Electronic Supplementary Materials

Electronic supplementary material is available providing model calculations for the PEELD 
data and supporting the one-photon mechanism invoked.

Acknowledgments

We gratefully acknowledge Prof. Armin Geyer (Philipps-Universität Marburg) for the supply of 
the amino acid samples and Dr. Uwe Linne (Marburg) for the supply of a HPLC-pump unit 
and the electrospray ion source that were used during the experiments. Stimulating 
discussions with Prof. Robert Berger (Marburg) and Prof. Katherine Read (Nottingham) are 
also gratefully acknowledged.

Page 8 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

48
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5CP03324A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP03324A


References
1. B. List, R.A. Lerner and C.F. Barbas, J. Am. Chem. Soc., 2000, 122(10), 2395.
2. P.S.J. Kaib, L. Schreyer, S. Lee, R. Properzi and B. List, Angew Chem Int Ed Engl, 2016, 55(42), 

13200.
3. T.L.G. Cabral, G.D. Poggetto, J.P. Da Brussolo Silva, M. Nilsson and C.F. Tormena, Angew Chem Int 

Ed Engl, 2025, 64(5), e202418508.
4. A. Takahara, T. Nakatsu, K. Hirata, H. Hayashi, K. Kawaji, K. Aoki, S. Inuki, H. Ohno, H. Kato, E. 

Kodama and S. Oishi, J Med Chem, 2025, 68(3), 3123.
5. S.D. Dongre, G. Venugopal, V. Kumar, A. Badrinarayan Jadhav, J. Kumar and S. Santhosh Babu, 

Angew Chem Int Ed Engl, 2025, 64(6), e202420767.
6. P. He, J. Ye, J. Zhang, T. Lu, W. Cui, J. Liu, C. Shen, W. Hong and X. Liu, Angew Chem Int Ed Engl, 

2025, 64(4), e202416319.
7. Berova N, Nakanishi K, Woody RW, editors, Circular dichroism: Principles and applications, Wiley-

VCH, New York, Weinheim, 2nd ed., 2000.
8. N. Berova, L. Di Bari and G. Pescitelli, Chem Soc Rev, 2007, 36(6), 914.
9. U. Boesl von Grafenstein and A. Bornschlegl, Chemphyschem, 2006, 7(10), 2085.
10. R. Li, R. Sullivan, W. Al-Basheer, R.M. Pagni and R.N. Compton, J Chem Phys, 2006, 125(14), 

144304.
11. H.G. Breunig, G. Urbasch, P. Horsch, J. Cordes, U. Koert and K.-M. Weitzel, Chemphyschem, 2009, 

10(8), 1199.
12. P. Horsch, G. Urbasch, K.-M. Weitzel and D. Kröner, Phys Chem Chem Phys, 2011, 13(6), 2378.
13. B. Ritchie, Phys. Rev. A, 1976, 13(4), 1411.
14. I. Powis, J Chem Phys, 2000, 112(1), 301.
15. N. Böwering, T. Lischke, B. Schmidtke, N. Müller, T. Khalil and U. Heinzmann, Phys Rev Lett, 2001, 

86(7), 1187.
16. G.A. Garcia, L. Nahon, M. Lebech, J.-C. Houver, D. Dowek and I. Powis, J Chem Phys, 2003, 

119(17), 8781.
17. L. Nahon, G.A. Garcia, C.J. Harding, E. Mikajlo and I. Powis, J Chem Phys, 2006, 125(11), 114309.
18. C. Lux, M. Wollenhaupt, T. Bolze, Q. Liang, J. Köhler, C. Sarpe and T. Baumert, Angew Chem Int Ed 

Engl, 2012, 51(20), 5001.
19. C.S. Lehmann, N.B. Ram, I. Powis and M.H.M. Janssen, J Chem Phys, 2013, 139(23), 234307.
20. P. Krüger, M. Balster, B.R. Niraghatam, M.H.M. Janssen and D.A. Horke, 2023, 

10.48550/arXiv.2310.02893.
21. C.S. Lehmann and K.-M. Weitzel, Phys Chem Chem Phys, 2020, 22(24), 13707.
22. C.S. Lehmann, D. Botros and K.-M. Weitzel, Phys Chem Chem Phys, 2022, 24(26), 15904.
23. S. Daly, F. Rosu and V. Gabelica, Science, 2020, 368(6498), 1465.
24. P. Krüger and K.-M. Weitzel, Angew Chem Int Ed Engl, 2021, 60(33), 17861.
25. P. Krüger, J.H. Both, U. Linne, F. Chirot and K.-M. Weitzel, J Phys Chem Lett, 2022, 13(26), 6110.
26. J.B. Greenwood and I.D. Williams, Phys Chem Chem Phys, 2023, 25(24), 16238.
27. A. Comby, D. Descamps, S. Petit, E. Valzer, M. Wloch, L. Pouységu, S. Quideau, J. Bocková, C. 

Meinert, V. Blanchet, B. Fabre and Y. Mairesse, Phys Chem Chem Phys, 2023, 25(24), 16246.
28. A. Comby, C.M.M. Bond, E. Bloch, D. Descamps, B. Fabre, S. Petit, Y. Mairesse, J.B. Greenwood 

and V. Blanchet, Chirality, 2020, 32(10), 1225.
29. A. Comby, E. Bloch, C.M.M. Bond, D. Descamps, J. Miles, S. Petit, S. Rozen, J.B. Greenwood, V. 

Blanchet and Y. Mairesse, Nat Commun, 2018, 9(1), 5212.
30. C. Lux, M. Wollenhaupt, C. Sarpe and T. Baumert, Chemphyschem, 2015, 16(1), 115.
31. J. Triptow, A. Fielicke, G. Meijer and M. Green, Angew Chem Int Ed Engl, 2023, 62(1), 

e202212020.

Page 9 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

48
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5CP03324A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP03324A


32. J.H. Both, A. Beliakouskaya and K.-M. Weitzel, Anal Chem, 2025, 97(8), 4499.
33. V.K. Brandt, A. Fielicke, G. Meijer and M.L. Green, J Phys Chem Lett, 2025, 16(6), 1478.
34. B. Schaefer, E. Collett, R. Smyth, D. Barrett and B. Fraher, American Journal of Physics, 2007, 

75(2), 163.
35. J.A. Noble, J.P. Aranguren-Abate, C. Dedonder, C. Jouvet and G.A. Pino, Phys Chem Chem Phys, 

2019, 21(42), 23346.
36. A. Kastner, G. Koumarianou, P. Glodic, P.C. Samartzis, N. Ladda, S.T. Ranecky, T. Ring, S. 

Vasudevan, C. Witte, H. Braun, H.-G. Lee, A. Senftleben, R. Berger, G.B. Park, T. Schäfer and T. 
Baumert, Phys Chem Chem Phys, 2020, 22(14), 7404.

37. K.L. Reid, Annu Rev Phys Chem, 2003, 54, 397.
38. K.L. Reid, Molecular Physics, 2012, 110(3), 131.
39. E.P. Wigner, Phys. Rev., 1948, 73(9), 1002.
40. J.W. Farley, Phys. Rev. A, 1989, 40(11), 6286.
41. S. Saha, J. Jose, P.C. Deshmukh, G. Aravind, V.K. Dolmatov, A.S. Kheifets and S.T. Manson, Phys. 

Rev. A, 2019, 99(4).
42. A.S. Kheifets, J. Phys. B: At. Mol. Opt. Phys., 2023, 56(2), 22001.
43. J. Bailey, A. Chrysostomou, J.H. Hough, T.M. Gledhill, A. McCall, S. Clark, F. Ménard and M. 

Tamura, Science, 1998, 281(5377), 672.
44. J. Kwon, M. Tamura, P.W. Lucas, J. Hashimoto, N. Kusakabe, R. Kandori, Y. Nakajima, T. 

Nagayama, T. Nagata and J.H. Hough, ApJ, 2013, 765(1), L6.
45. M. Tia, B. Cunha de Miranda, S. Daly, F. Gaie-Levrel, G.A. Garcia, L. Nahon and I. Powis, J Phys 

Chem A, 2014, 118(15), 2765.
46. T.H. Waterman, Science, 1954, 120(3127), 927.
47. A. Ivanoff and T.H. Waterman, Journal of Marine Research, 1958, 16(3).
48. R. Bainbridge and T.H. Waterman, Journal of Experimental Biology, 1957, 34(3), 342.
49. N. Shashar, R. Hagan, J.G. Boal and R.T. Hanlon, Vision Res, 2000, 40(1), 71.

Page 10 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

48
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5CP03324A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP03324A


The raw data to this manuscript are available from the authors upon request.

Page 11 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
8:

48
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5CP03324A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP03324A

