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Astrochemistry
• Chemistry under extreme conditions: low 

temperatures, low densities, and harsh 
radiation


• Rich chemistry (more than 280 
molecules so far, including chiral and 
aromatic ones).
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Astrochemistry and PAHs
• Chemistry under extreme conditions: low 

temperatures, low densities, and harsh 
radiation


• Rich chemistry (more than 280 
molecules so far, including chiral and 
aromatic ones).

• Formation of new species under energy-rich conditions

Polycyclic aromatic hydrocarbons: abundances


Green: emission from PAH molecules (Image taken by Spitzer looking towards the plane of the Milky Way)

• present in many extreme chemical environments: 

	 combustion, atmosphere, interstellar medium, also in charged states

• an estimated 10-20% of the total galactic carbon is locked in PAHs

• “relatives” of fullerenes

4



Astrochemistry and PAHs
• Chemistry under extreme conditions: low 

temperatures, low densities, and harsh 
radiation


• Rich chemistry (more than 280 
molecules so far, including chiral and 
aromatic ones).

• Formation of new species under energy-rich conditions

Polycyclic aromatic hydrocarbons: abundances


Green: emission from PAH molecules (Image taken by Spitzer looking towards the plane of the Milky Way)

5

Planar, curved, and helical PAHs Substituted PAHs
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Grains, fullerenes, and polycyclic aromatic hydrocarbons (PAHs)

Adapted from Pascoli & Pollux (2000)

carbon evolution; 

top-down vs. 


bottom-up processes

distance from star
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Outline

• IR-UV ion-dip spectroscopy @ FELIX

• PAH growth (and other processes) in a plasma


(and a comparison with CP-FTMW measurements)

• IR fingerprints of PAH clusters


• Time-resolved pump-probe experiments using FLASH

• interplay between ionisation & fragmentation of PAHs

• life times of electronically excited states in different charge 

states


• Conclusions
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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FELIX
Free-Electron Laser for Infrared eXperiments at the Radboud U Nijmegen

in collaboration with A. Lemmens, P. Ferrari, A. Rijs, B. Redlich 

• IR-UV double-resonance experiments

• fingerprint region
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IR-UV ion-dip spectroscopy at FELIX

Physical Chemistry Chemical Physics c8cp04480e
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Resonance-enhanced multi-
photon ionisation (REMPI)
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IR-UV ion-dip spectroscopy at FELIX
REMPI followed by 

ion detection
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IR-UV ion-dip spectroscopy at FELIX
REMPI followed by 

ion detection
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IR-UV ion-dip spectroscopy at FELIX
REMPI followed by 

ion detection
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PAH chemistry
Formation of reactive, transient species under electric discharge plasma conditions

DC discharge pulsed valve

Donatella 

Loru

Amanda 

Steber

(now at 


U Valladolid, Spain)
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The precursor molecules

Naphthalene	(C10H8)

Examples of PAHs

WH01

Gayatri Batra


WH02

Donatella Loru

PHE

IR-UV ion-dip

CP-FTMW spec

METHODS

partner 

molecules

Pyrene	(C16H10)
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Chemical processes under electric discharge plasma conditions

141

153

167

177

191	and	192

+

+

+

128

naphthalene

?

203

Not only destruction, but also 
generation of new, larger molecules

C insertion

TOF 

mass spectrum

Electrical discharge of PAHs

A. K. Lemmens et al. “Polycyclic aromatic hydrocarbon formation chemistry in a plasma jet revealed by IR-UV action spectroscopy.” Nat Commun 11, 269 (2020). 
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Electrical discharge of PHE with acetonitrile

PHE

C insertion substitution

C elimination

Theoretical calculations: B3LYP/def2-TZVP

M=178 g/mol
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Electrical discharge of PHE with acetonitrile

PHE

C insertion substitution

C elimination

Theoretical calculations: B3LYP/def2-TZVP

M=178 g/mol
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Observed processes

• Similar outcomes observed for pyrene, fluorene, naphthalene…

• Important for discussions regarding bottom-up vs. top-down chemical processes.
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Complementary spectroscopy approaches



Electrical discharge of PAHs
CP-FTMW spectroscopy

18

Electric discharge

+

Precursors

with & without 



Phenanthrene & acetonitrile

19
cyanopolyynes



Phenanthrene
No additional precursor

20
linear radicals



Polyynes are omnipresent

21

Electric discharge

The formation of highly 
unsaturated (cyano-)polyynes 

is a common observation.

A variety of precursors



Isotopic labelling with 13CH313CN
Phenanthrene-acetonitrile discharge

22



Isotopic labelling with 13CH313CN
Phenanthrene-acetonitrile discharge

22

Proposed mechanism
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Grains, fullerenes, and polycyclic aromatic hydrocarbons (PAHs)

Adapted from Pascoli & Pollux (2000)

carbon evolution; 

top-down vs. 


bottom-up processes
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Far-IR spectral signatures of PAH complexes
Collaboration with Sander Lemmens, Anouk Rijs and the Grimme theory group (U Bonn)
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Fig. 2 1 + 1 REMPI spectra of (a–d) Acen (n = 1–4) complexes and (e–h) Ace–Wm (m = 1–4) complexes. The origin of Ace is found to be at 31 474 cm!1.
The Ace spectrum (a) is added in gray in the (e–h) Ace–Wm (m = 1–4) spectra for comparison.

Fig. 3 (a–c) Mid- to far-infrared gas phase action spectra of jet cooled Acen (n = 1–3) complexes in black. Displayed in blue are the corresponding
calculated spectra at the PBEh-3c level of theory (uncorrected, but scaled with 0.95). The corresponding calculated structures of Acen (n = 1–3)
complexes at the PBEh-3c level of theory are displayed on the right.

4 | Phys. Chem. Chem. Phys., 2018, 00, 1!9 This journal is "c the Owner Societies 2018

Paper PCCP

A.K. Lemmens, S. Gruet, A. L. Steber, J. Antony, S. Grimme, M. Schnell, A.M. Rijs, PCCP (2018). 

Acenaphthene

• spectra are very similar for the clusters

• only small differences visible in the far-IR

• weak interactions between the moieties
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Acenaphthene

• spectra are very similar for the clusters

• only small differences visible in the far-IR

• weak interactions between the moieties

FF03: A. Lemmens - 
PAH-water clusters



25

Phenanthrene and its (many) clusters
Mass spectrum

… work in progress… 
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Mass spectrum
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Phenanthrene and its (many) clusters
Mass spectrum

… work in progress… 

IR spectra
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Outline

• IR-UV ion-dip spectroscopy @ FELIX

• PAH growth (and other processes) in a plasma


(and a comparison with CP-FTMW measurements)

• IR fingerprints of PAH clusters


• Time-resolved pump-probe experiments using FLASH

• interplay between ionisation & fragmentation of PAHs

• life times of electronically excited states in different charge states


• Conclusions
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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mechanistic insight after 
photo-excitation
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The Bahrenfeld campus - DESY
XUV 
pump 

IR 
probe 

Δt 
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The Bahrenfeld campus - DESY
XUV 
pump 

IR 
probe 

Δt 

36

Key Parameters
FLASH1 FLASH2

Photon energy fundamental 24 – 295 eV 
(3rd harm. ~900 eV)

14 – 310 eV 
(with Frequency 
doubler ~400 eV)

Photon pulse duration 
(FWHM)

30 – 200 fs 10 – 200 fs

Pulse energy (average) 1 – 500 µJ 1 – 1100 µJ
Spectral width (FWHM) 0.7 – 2 % 0.5 – 2 %
Pulses per second 
shared between FLASH1 and 
FLASH2

10 – 5000        (max 
8000*)

10 – 5000            
(max 8000*)

Beamlines 5 2 (up to 7)

B. Faatz, E. Plönjes et al.,  
New J. Phys. 18 , 062002 (2016)

* limited by RF and laser rep rates

FLASH Key parameters
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The Bahrenfeld campus - DESY

FLASH pump-probe fs laser
• 800 nm fundamental

• 400 nm and 266 nm possible

• 30-70 fs pulse duration

XUV 
pump 

IR 
probe 

Δt 

36

Key Parameters
FLASH1 FLASH2

Photon energy fundamental 24 – 295 eV 
(3rd harm. ~900 eV)

14 – 310 eV 
(with Frequency 
doubler ~400 eV)

Photon pulse duration 
(FWHM)

30 – 200 fs 10 – 200 fs

Pulse energy (average) 1 – 500 µJ 1 – 1100 µJ
Spectral width (FWHM) 0.7 – 2 % 0.5 – 2 %
Pulses per second 
shared between FLASH1 and 
FLASH2

10 – 5000        (max 
8000*)

10 – 5000            
(max 8000*)

Beamlines 5 2 (up to 7)

B. Faatz, E. Plönjes et al.,  
New J. Phys. 18 , 062002 (2016)

* limited by RF and laser rep rates

FLASH Key parameters



CAMP@FLASH
Packets of internally cold PAHs using an Even-Lavie valve

FLASH pulse 
at 30.3 nm, (40.9 eV), 
10 Hz, 25 µJ, t ~ 90 fs 
 

Laser pulse  
810 nm (1.53 eV),  
10 Hz, 1- 50 µJ,  
t = 60 fs 

Gas jet 
T=200 °C 
Carrier gas He at 2 bar 
 

Time-of-flight  
(TOF) detector •  TOF mass spectrometry of ion 

species 

•  Velocity map imaging 
spectrometer for electrons and 
ions 

•  Pixel Imaging Mass Spectrometry 
(PImMS) camera for parallel 
acquisition of the ion kinetic 
energy release and angular 
distribution of different fragments. 
Installed and operated by 
collaborators from Oxford 
University 

PUMP 

PROBE 

Co-PIs Bastian Manschwetus, Jason Lee, Denis Tikhonov

the Bari, Küpper, Rolles, Johnsson teams, 


as well as the FS-LA and CAMP@FLASH teams;

PImMS camera Oxford (Brouard, Vallance, Burt)

Lee et al. Nature Communications 12 (2021) 6107.



Ion-TOF mass spectra (FLASH: 40.9 eV)
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Multiple	
H	loss

•  The mass spectrum shown is averaged over all pump-probe delays. 

Ionisation and different fragmentation channels

• Formation up to the parent trication

• Characteristic fragmentation pattern



CAMP@FLASH
Packets of internally cold PAHs using an Even-Lavie valve

FLASH pulse 
at 30.3 nm, (40.9 eV), 
10 Hz, 25 µJ, t ~ 90 fs 
 

Laser pulse  
810 nm (1.53 eV),  
10 Hz, 1- 50 µJ,  
t = 60 fs 

Gas jet 
T=200 °C 
Carrier gas He at 2 bar 
 

Time-of-flight  
(TOF) detector •  TOF mass spectrometry of ion 

species 

•  Velocity map imaging 
spectrometer for electrons and 
ions 

•  Pixel Imaging Mass Spectrometry 
(PImMS) camera for parallel 
acquisition of the ion kinetic 
energy release and angular 
distribution of different fragments. 
Installed and operated by 
collaborators from Oxford 
University 

PUMP 

PROBE 

Beamtimes 2016 and 2018:

Co-PI Bastian Manschwetus, 


the Bari, Küpper, Rolles, Johnsson teams, 

as well as the FS-LA and CAMP@FLASH teams;


PImMs camera Oxford (Brouard, Vaillance) Lee et al. Nature Communications 12 (2021) 6107.



Recoil-frame covariance analysis
there is excellent agreement between the momentum profiles obtained from the cov(C3H+

x ,C10H+
y ) and

cov(C10H+
x ,C3H+

y ) covariance maps.

(a) velocity-map images

(b) recoil-frame covariance images

+C H3 x
+C H10 y
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Figure 2: (a) Velocity-map images and (b) covariance map images for the C3H+
x and C10H+

y fragment ions
arising from dissociative ionization of FLU, C13H10. Each image is individually normalized. The velocity-
map images are presented without symmetrization or Abel-inversion to provide a better comparison to
the covariance images. The small areas lacking signal near the center of the velocity-map images are
attributed to damage in the MCP/phosphor detector. Black arrows in the covariance images indicate
the direction of the reference ion. (c) Momentum profiles of the ion pairs resulting from the two-body
dissociative ionization of fluorene. An angular integration is performed on the covariance images, and
the spatial coordinates are converted to momentum units. Cov(A, B) refers to the covariance of ion A

with B as the reference ion. Discrepancies between the plots in (i) are attributed to physical defects in
the detector and background ions a↵ecting the ion images di↵erently.

Further to this, the recoil-frame covariance analysis can be performed between all CnH+
x species

for the PAHs. The resulting covariance maps for the FLU fragment ions are plotted as a matrix in

Figure 3, providing a rich basis for elucidating the formation mechanisms for each fragment. The initial

focus is on the covariance maps along the main diagonal of the matrix, highlighted by black squares

in Figure 3. These correspond to the two-body dissociations of the doubly-charged parent, similar to

the reaction FLU2+ ! C3H+
x + C10H+

y discussed above. Clear covariance signals can be seen for each

7

Fluorene

C13H10

all fragments recorded 
simultaneously per 

laser pulse


—> determine 
statistical correlation

energy

𝐂𝟗𝐇+
𝒚

𝐂𝟒𝐇 +
𝐱C3Hx+

C10Hy+

2

time-of-flight

tim
e-of-flight

slope = -1

tA

tB

tA,slowtA,fast

tB,slow
tB,fast

A B
mBvBmAvA

2+
++

Figure 24: Illustration of a Coulomb explosion caused by the mutual repulsion of two
charged fragments, A+ and B+, generated from a parent ion AB2+. The overlapping
portion of the two ions in the covariance map has a slope of -1 indicating the formation
of two singly charged fragments from the same parent.

forms both fragments, then the covariance of the TOFMS intensities in the overlapping
portion of these two fragments in the covariance map would be greater than zero, i.e.
cov(I(A), I(B)) > 0. Further, as a result of the spread of the times-of-flight of both
fragments due to fluctuations in their respective initial velocities, the overlapping portion
of the two ions in the covariance map takes the shape of a straight line whose slope
depends on the charges borne by the fragments. In other words, if one set of ions, A,
with the same mass/charge ratio moves towards the detector with a faster or slower
velocity (in the direction of the detector) than another set, then the combined set of
times-of-flight of all such ions would have a certain width as can be seen in Figure 24.
The same would be true of the other ion, B. Upon conserving energy between these sets
of ions, the faster ions of one fragment would correlate positively with the slower ones of
the other fragments and vice versa, generating a line with a negative slope. The slope
is calculated to be the ratio of the charges on the ions A and B, which for fragments
with equal charges would be -1 [22, 23, 33, 34]. Hence, a line with a negative slope on a
TOF-TOF covariance map is strong evidence for a Coulomb explosion taking place.

5.6 Methodology
The TOF-TOF covariance matrices are first calculated using a home-written script which
in described in section 3.1.3 using the TOF spectra of the molecule of interest. Then, the
false covariances generated fue to the FEL pulse energy fluctuations are corrected for and
the subsequent TOF-TOF partial covariance maps are generated. To account for other
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respectively. The variance is then related to the standard deviation as

�X =
p
var(X) =

p
hX2i � hXi2 and �Y =

p
var(Y ) =

p
hY 2i � hY i2 .

The variance shows the ”spread” of the variable around the expectation value or the mean
of the variable. The covariance, or a measure of the joint variability of these two variables,
is calculated as [59]

cov(X, Y ) = h(X � hXi) · (Y � hY i)i = hXY i � hXihY i . (9)

The covariance of these two variables provides insight into their relationship, in that,
if as a consequence of a positive change in one, a positive change is brought about in the
other, then they are said to be correlated (with positive covariance); or if a negative change
is brought about then they are said to be anti-correlated (with negative covariance); or
if there is no effect on the other, then they are not correlated (with zero covariance).

In the above covariance expression, hXY i can be understood as the measure of the
common occurrence of X and Y, which can indicate both correlation and false correlation.
In order to correct for this, the uncorrelated common occurrences are accounted for
by hXihY i [60]. With a finite set of N random measurements, the covariance can be
computed in the following manner:

cov(X, Y ) ⇡ 1

N

NX

i=1

XiYi

| {z }
⇡hXY i

�
 

1

N

NX

i=1

Xi

!

| {z }
⇡hXi

·
 

1

N

NX

i=1

Yi

!

| {z }
⇡hY i

TOF-TOF covariance mapping

We know that the signal obtained from a time-of-flight mass spectrometry measurement
is the ion current as a function of time-of-flight. Moreover, ions with higher masses arrive
later at the detector than ions with lower masses. Upon digitisation, the ion current
I(TOF) can be written in a discrete manner as:

I = ( I1|{z}
I(TOF1)

, I2|{z}
I(TOF2)

, . . . , IN|{z}
I(TOFM )

) = {I↵}M↵=1,

where I(TOF1) is the ion current obtained at time-of-flight TOF1; and TOF↵ = TOF1+
dt · (↵� 1) in which dt is the discretised time step and M is the number of points taken
in the measurement. Upon performing N such TOFMS measurements, we obtain a set
of independent results:

{Ii = (I1i, I2i, . . . , INi). = {I↵i}M↵=1}Ni=1.

This complete set then allows us to calculate an M ⇥M sized TOF-TOF covariance map
with elements of the form: [58]:

C↵� = cov(I↵, I�) =
1

N

NX

i=1

I↵iI�i �
 

1

N

NX

i=1

I↵i

!
·
 

1

N

NX

i=1

I�i

!
(10)

In the previous section, we described three possibilities of covariance - correlated,
anti-correlated and not correlated, depending on the relationship one variable had with
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charged fragments, A+ and B+, generated from a parent ion AB2+. The overlapping
portion of the two ions in the covariance map has a slope of -1 indicating the formation
of two singly charged fragments from the same parent.

forms both fragments, then the covariance of the TOFMS intensities in the overlapping
portion of these two fragments in the covariance map would be greater than zero, i.e.
cov(I(A), I(B)) > 0. Further, as a result of the spread of the times-of-flight of both
fragments due to fluctuations in their respective initial velocities, the overlapping portion
of the two ions in the covariance map takes the shape of a straight line whose slope
depends on the charges borne by the fragments. In other words, if one set of ions, A,
with the same mass/charge ratio moves towards the detector with a faster or slower
velocity (in the direction of the detector) than another set, then the combined set of
times-of-flight of all such ions would have a certain width as can be seen in Figure 24.
The same would be true of the other ion, B. Upon conserving energy between these sets
of ions, the faster ions of one fragment would correlate positively with the slower ones of
the other fragments and vice versa, generating a line with a negative slope. The slope
is calculated to be the ratio of the charges on the ions A and B, which for fragments
with equal charges would be -1 [22, 23, 33, 34]. Hence, a line with a negative slope on a
TOF-TOF covariance map is strong evidence for a Coulomb explosion taking place.

5.6 Methodology
The TOF-TOF covariance matrices are first calculated using a home-written script which
in described in section 3.1.3 using the TOF spectra of the molecule of interest. Then, the
false covariances generated fue to the FEL pulse energy fluctuations are corrected for and
the subsequent TOF-TOF partial covariance maps are generated. To account for other
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charged fragments, A+ and B+, generated from a parent ion AB2+. The overlapping
portion of the two ions in the covariance map has a slope of -1 indicating the formation
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forms both fragments, then the covariance of the TOFMS intensities in the overlapping
portion of these two fragments in the covariance map would be greater than zero, i.e.
cov(I(A), I(B)) > 0. Further, as a result of the spread of the times-of-flight of both
fragments due to fluctuations in their respective initial velocities, the overlapping portion
of the two ions in the covariance map takes the shape of a straight line whose slope
depends on the charges borne by the fragments. In other words, if one set of ions, A,
with the same mass/charge ratio moves towards the detector with a faster or slower
velocity (in the direction of the detector) than another set, then the combined set of
times-of-flight of all such ions would have a certain width as can be seen in Figure 24.
The same would be true of the other ion, B. Upon conserving energy between these sets
of ions, the faster ions of one fragment would correlate positively with the slower ones of
the other fragments and vice versa, generating a line with a negative slope. The slope
is calculated to be the ratio of the charges on the ions A and B, which for fragments
with equal charges would be -1 [22, 23, 33, 34]. Hence, a line with a negative slope on a
TOF-TOF covariance map is strong evidence for a Coulomb explosion taking place.

5.6 Methodology
The TOF-TOF covariance matrices are first calculated using a home-written script which
in described in section 3.1.3 using the TOF spectra of the molecule of interest. Then, the
false covariances generated fue to the FEL pulse energy fluctuations are corrected for and
the subsequent TOF-TOF partial covariance maps are generated. To account for other
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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of the analysis is detailed below, and the analysis procedure is described briefly in the Methods section

and in full in S6 of the SI. The relaxation constants for all PAH species are given in Table 1.
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Figure 5: Delay-dependent yields of the LKE electrons, PAH2+, and C3H+
x ions from the (1, 2) channel

formed from FLU, PHE, and PYR. The vertical black line represents t0. LKE electrons are defined
as having a kinetic energy below 2 eV. Details for the fitting procedure are described in the Methods
section. The blue and green peak functions represent the XUV-pump, IR-probe and the IR-pump,
XUV-probe laser regimes, respectively. The red sigmoidal curves represent the change in signal due to
di↵erent PAH ionization states populated by the pump laser. The PYR2+ curve additionally contains
another peak function (in yellow) to account for slowly changing IR-pump dynamics reproduced over
multiple measurements. The black curves show the sum of the peak functions and sigmoidal. Each data
point in the PAH2+ plots results from averaging 1300± 200, 2000 ± 400, and 900 ± 400 measurements
for FLU, PHE, and PYR, respectively (variation arises from sorting and filtering according to jitter in
the FEL pulse timing).

PAH+⇤ Lifetime When the IR pulse induces ionization, the molecule absorbs IR photons until

the ionization energy is reached and the electron is ejected. As each photon is low in energy, the

electron typically has low kinetic energy (LKE), defined in this study as below 2 eV. The relatively low

IR intensity (1 ⇥ 1013 W/cm2) prevents any significant contribution from above-threshold ionization,

which would produce higher energy electrons. Figure 1 demonstrates that PAH+ is the dominant product

after interaction with the XUV pulse. This suggests that the transient increase in the LKE electron

yield is primarily due to ionization of PAH+⇤ to PAH2+ by the IR pulse. By fitting the LKE electron

yield, the PAH+⇤ lifetime can be extracted for each PAH.

PAH⇤ Lifetime There are a significant number of possible processes leading to both the creation
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Delay-dependent yields

• green: IR pump — XUV probe

• blue: XUV pump — IR probe

• red: change in signal due to different PAH 

ionisation rates populated by the pump laser

A Monte Carlo sampling procedure is used to 
obtain the relaxation times of the  PAH+* 
species.
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Delay-dependent yields

• green: IR pump — XUV probe

• blue: XUV pump — IR probe

• red: change in signal due to different PAH 

ionisation rates populated by the pump laser

A Monte Carlo sampling procedure is used to 
obtain the relaxation times of the  PAH+* 
species.

Table 1: Exponential electronic decay lifetimes for the various charged parent species. The
listed error values refer to the fit errors. The pump laser pulses are expected to populate
an ensemble of electronic states, as described and modelled in the SI.

Exponential Lifetime / fs
Charge State FLU FLU (Theory) PHE PYR

PAH⇤ 35 ± 8 54 ± 2 29 ± 17 62 ± 71
PAH+⇤ 57 ± 13 42 ± 8 76 ± 14 24 ± 11
PAH2+⇤ 17 ± 5 – 74 ± 19 28 ± 10

and depletion of the PAH2+ ion. For example, the XUV photon may form PAH2+⇤ directly, which is

depleted by further ionization or dissociation by the IR pulse. However, as the yields of the other parent

and fragment species are comparatively low, it is reasonable to fit the transient behavior using two

major pathways, namely (i) the absorption of an XUV photon to form PAH+⇤ followed by ionization

to PAH2+ by the IR pulse; and (ii) the IR pulse interacting with the molecule to generate an excited

neutral PAH⇤, which is ionized by the XUV pulse to generate PAH2+. The transient behavior is therefore

dependent on the relaxation times of both the PAH+⇤ and PAH⇤ species. By using the values for t0

and the PAH+⇤ relaxation lifetimes determined from the electron data, the fitting procedure can isolate

the PAH⇤ relaxation times. The PYR2+ trace was found to have a slow decrease in signal at t0 (visible

in Figure 5) that was reproduced over multiple scans. An additional peak function was used to fit this

trace in order to produce the associated PYR* lifetime.

PAH2+⇤ Lifetime As discussed in Section B.1, the transient signal increase for C3H+
x in the (1, 2)

channel is dependent upon two pathways. Firstly, before t0, the IR pulse creates an excited neutral PAH⇤

species, which undergoes dissociative ionization with an XUV photon to a PAH3+ state. Secondly, after

t0, the XUV laser pulse induces formation of PAH2+⇤, which the IR laser pulse promotes to a dissociative

PAH3+⇤ state. The time-dependence of the C3H+
x ions in the (1, 2) channel is therefore governed by

the lifetimes of the PAH⇤ and PAH2+⇤ states, which can be determined from the fitting procedure.

The transient increase showed a good fit using a single Gaussian representing XUV-pump, IR-probe

(centered after t0), indicating the IR-pump, XUV-probe contribution to be small. Therefore, the (1, 2)

channel for C3H+
x was fitted using only the XUV-pump, IR-probe channel, allowing the PAH2+⇤ lifetime

to be extracted.

Theoretical Model Extensive theoretical calculations were performed to support the experimental

16
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• fs	time-resolved	pump-probe	experiments	(XUV-IR)	
using	CAMP@FLASH


• relaxation	lifetimes	of	PAHs	in	different	charge	states

—>	ultrafast	relaxation	of	electronically	excited	states


• break-up	processes	of	PAH	dications:

—>	various	combinations

—>	release	of	neutral	acetylene



| Soft X-ray workshop | Melanie Schnell, 26.09.2019 

Summary and conclusions

THANK	YOU!

• PAH	spectroscopy	covering	different	wavelengths	

• accurate	structures	using	rotational	spectroscopy,	

including	molecular	fingerprints

• PAH	clusters:		rather	similar	IR	spectra,	large	clusters	can	

be	observed,	observation	of	delayed	fragmentation

• C	insertion	&	elimination	as	well	as	rich	substitutions	

observed	in	PAH	electric	discharge

• Using	CP-FTMW	spectroscopy:	highly	unsaturated	carbon	

chains	observed	in	electric	discharge	experiments	using	
various	precursors	


• Time-resolved	analysis	upon	XUV	excitation	reveals	
ultrafast	relaxation	&	fragmentation
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FLASH: The XUV to soft-X-ray FEL in Hamburg
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IR spectra
Phenanthrene and its (many) clusters

… work in progress… 

Energy	redistribution
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Figure 4: (a) The C3H+
x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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x momentum profile formed from FLU as a function of XUV-IR laser pulse delay.

The IR pulse interacting with the molecular beam before the XUV pulse gives negative pump-probe
delay values, whereas for positive pump-probe values, the XUV pulse interacts first. Channels and
numbered features are described in the text. White arrows highlight the shift in channel yields from
pathway b and g to pathway d, as denoted in (b). The vertical black dotted line indicates t0 determined
by the helium electron sidebands. (b) Schematic of the PAH states involved in this experiment. Solid
black lines and dashed lines represent bound and dissociative electronic states, respectively. Blue and
red arrows represent the e↵ects of the XUV laser and IR laser pulses, respectively. The pump pulses are
able to populate a multitude of electronic states, as represented by the blue and red shaded areas for the
XUV and IR pulses, respectively. Electronic relaxation of the wavepacket over time is represented by
the curvature in the shaded areas. The change in electronic states due to relaxation alters the product
of the probe pulse. (c) Integrated plots of the (1, 0), (1, 1), and (1, 2) channels from (a). Plots are
normalized to the maximum signal detected in the (1, 1) channel, and t0 is represented by the dotted
black line.
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Secondary fragmentation — elucidating mechanisms
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