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Effect of the shot-to-shot variation on charge migration induced by sub-fs x-ray
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X-ray free-electron lasers (XFELs) are now able to provide tunable pairs of intense sub-fs pulses in the soft
x-ray regime, paving the way for time-resolved investigations of attosecond charge migration in molecules. How-
ever, the stochastic shot-to-shot variation of the XFEL pulses may degrade and eventually hide the observable
features. We show by means of state-of-the-art calculations that the damping of the charge migration induced by
260 eV pulses in p-aminophenol due to the shot-to-shot variation of pulses generated at the Linac Coherent Light
Source is negligible in comparison to the natural damping due to the intrinsic fluctuation of the initial molecular
geometry. This result gives us confidence in the utility of XFEL sub-fs pulses for the measurement of charge
migration and other ultrafast charge dynamics.

DOI: 10.1103/PhysRevResearch.5.023092

I. INTRODUCTION

Investigation of the early stages of intramolecular charge
transfer induced by light is the first step towards understand-
ing photochemical reactions [1–4], such as those occurring,
e.g., in photosynthesis [5], photovoltaic [6], and molecular
electronic devices [7], or biological radiation damage [8,9].
These early stages occur in the sub-fs to the few-fs time scale,
access to which has provided a major boost to attosecond
sciences [10–13] and given birth to “attochemistry” [14–19].

Since the synthesis of the first extreme ultraviolet (XUV)
attosecond laser pulses through high harmonic generation
(HHG) in noble gases [20,21], the progress in attosecond
science has been closely connected to the advance in the
construction of ever better HHG sources [10,11,13,17,22,23].
This allowed for the first attosecond-resolved observations
of proton rearrangements [24] and sub-fs charge migration
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dynamics in molecules [14,25–29], the reconstruction of the
electronic wave packets in real time [30,31], and the attosec-
ond control of simple fragmentation reactions [32–36]. Most
of these works employ either (i) a pump-probe scheme con-
sisting of an isolated or a train of attosecond XUV pulses
in combination with the few-fs near infrared (NIR) driving
field [14,26,28,32,33], (ii) NIR pulses with a tunable carrier
envelope phase [25,34,36], or (iii) intense NIR pulses en-
abling attosecond probing via spectroscopy of the generated
harmonics [24,27,29,30]. Therein, the NIR pulses can, de-
pending on their intensity, drive multiphoton transitions and
nonperturbative strong field dynamics that complicate the ex-
perimental analysis as well as theoretical modeling and may
eventually hide the original dynamics induced by the gentle
pump pulse.

This issue can be circumvented by changing to XUV-only
attosecond pump-probe schemes [12,15,18,19]. Unfortu-
nately, due to the intensity drop in the generation of higher
harmonics [37], this route still remains a formidable chal-
lenge and only a few experimental sub-fs XUV pump-probe
setups and applications have been reported so far [31,38–40].
Since the decrease in the harmonics’ intensities is even more
dramatic at higher photon energies, realization of nonlinear
attosecond soft x-ray (SXR) spectroscopic methods [41,42],
which have been identified as versatile probes of transient ef-
fects in molecules [43–50], is still awaiting its advent, though
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modern HHG sources can already provide pulses shorter than
100 as above the oxygen K-edge [23,51–55].

X-ray free-electron lasers (XFELs), which are the brightest
sources of coherent x-ray radiation available today [56–61],
in turn deliver the intensities required for few-fs x-ray
pump-probe measurements [62] and very recently have been
demonstrated to reach sub-fs pulse durations in the SXR
regime [63]. In the latter work, a split-undulator setup [64]
was used to generate tunable pairs of isolated two-color sub-
fs SXR pulses at controllable attosecond time delays with
intensities exceeding those obtained from state of the art
SXR HHG sources by many orders of magnitude. This break-
through has paved the way to conduct attosecond-resolved
SXR spectroscopies. However, in contrast to HHG sources,
attosecond XFELs operating according to the self-amplified
spontaneous emission (SASE) principle build up the pulses
from noise, leading to a stochastic shot-to-shot variation of
the pulse properties [65]. For example, the pulse energy,
bandwidth, and duration of sub-fs SXR pulses have been
measured to fluctuate by a significant fraction of their mean
[63]. In two-color sub-fs pump/sub-fs probe schemes both
pulses are seeded from noise and are therefore both subject
to the shot-to-shot fluctuations of attosecond SASE XFELs.
The intrinsic fluctuations of the probe pulse can be exploited
in correlation-based methods to efficiently resolve spectral
features in absorption [66] or photoemission spectroscopy
measurements [50,67]. The effect of noise fluctuations in the
pump pulse, however, is potentially more detrimental. Since
the properties of the wavepacket launched by the pump pulse
depend on the exact shape of its radiation field, averaging
single-shot measurements for an ensemble of XFEL pulses
can introduce a damping of the observable features. The
impact of this problem, which is intrinsic to all currently
available SASE XFELs, on charge migration studies is not
yet known. This is particularly important, since sub-fs SXR
pulses create coherent superpositions of large manifolds of
electronic states [18] leading to delocalized charge fluctua-
tions all over the molecule [13,14,19,68–72], in contrast with
directional charge migration resulting from sudden ionization
of single [4,73–75] or few [76–79] molecular orbitals. In
principle, the impact of the x-ray pulse fluctuations can be
circumvented by monitoring and binning data on the x-ray
properties of each pump-pulse. Since such an approach is
data intensive, we ask if physically incisive measurements of
charge migration are viable without this.

In this paper, we investigate the effect of XFEL shot-
to-shot variations on the charge migration induced by
sub-fs SXR pulses in the para-aminophenol (p-aminophenol)
molecule by performing theoretical calculations of the ion-
ization amplitudes for an ensemble of realistic sub-fs 260 eV
pulses that represent those produced at the Linac Coherent
Light Source (LCLS) [63]. p-aminophenol is an ideal bench-
mark because it comprises an amino (NH2) and a hydroxy
(OH) group at opposite ends of a stable C6H4 aromatic ring
(NH2-C6H4-OH), allowing for selective x-ray spectroscopic
probing of the charge migration at the oxygen and nitrogen
sites. We show that, for a given molecular geometry, the shot-
to-shot variation affects the charge fluctuations induced in
different molecular sites by no more than 35% during the first
10 fs after ionization by the pump pulses. To place this effect

in perspective, we compare it with the impact of the geometric
variations due to the nonzero width of the ground-state nuclear
wave function of p-aminophenol at 300 K. As predicted by
earlier theoretical work [76,77], already the nuclear zero-point
energy, which is common to any molecule and thus affects any
experimental measurement, may eventually damp the gener-
ated coherent charge dynamics at sufficiently long times. We
show that, in particular beyond 3 fs, this effect is far more
pronounced than that due to the XFEL shot-to-shot variation.

II. SIMULATION APPROACH

A. Shot-to-shot variation

We represent the shot-to-shot variation by an ensemble of
100 sub-fs XFEL pulses with a carrier frequency of ω0 =
260 eV,

E (t ) = |G(t )| cos (ω0t + arg [G(t )]). (1)

Each pulse in this ensemble is defined by its envelope
function G(t ) = |G(t )| exp {i arg [G(t )]} obtained from start-
to-end simulations of the x-ray laser-enhanced attosecond
pulse generation (XLEAP) procedure implemented at the
LCLS [63]. Therein we used ELEGANT [80] to track the
electron bunch until the start of the undulator beamline. A
photocathode modulation [81] was employed to produce the
short current spike. For this beam, time-dependent simula-
tions of the FEL were performed by using the fully 3D code
GENESIS 1.3 [82], wherein the undulator taper was matched
with the energy chirp of the short current spike to generate
single-spike 260 eV pulses. The variations in the properties of
the individual pulses are obtained by using the same electron
distribution with a re-initiated numerical shot-noise generator
for each of the 100 XLEAP simulations. In that way we
account for the natural shot-noise-induced variations in the
pulse properties [63,65] and disregard the jitter in the macro-
scopic electron beam properties, e.g., mean energy and peak
current. However, these properties can easily be measured on
a shot-to-shot basis, allowing to remove their fluctuation from
an experimental measurement during the data analysis. Fur-
thermore, this effect is expected to be negligible compared to
the shot-noise fluctuations in state of the art normal conduct-
ing accelerators [61,83] and next-generation superconducting
accelerators [84].

The so-obtained ensemble of pulses has an averaged pulse
energy of Epulse

avg = 42.8 ± 18 µJ and a temporal full width at
half maximum (FWHM) of the power envelope |G(t )|2 of
646 ± 311 as. The variation within the ensemble is illustrated
in Fig. 1(a) for the absolute values and phases of the enve-
lope function, while the respective pulse energy histogram
is depicted in Fig. 1(b). The overlay of all envelopes yields
a broad three-peak structure. It deviates considerably from
the envelope of a Gaussian transform-limited pulse that ap-
proximately fits to the dominant spike of the ensemble at
4.0 fs with a FWHM duration of 0.85 fs [0.60 fs of |G(t )|2].
Coupled with a sinusoidal carrier wave, i.e, constant phase
−π

2 , this pulse serves herein as reference for the shot-to-shot
variation. The phases of the simulated XFEL pulses have an
approximately parabolic time dependence, covering several
full periods within the sample. We note here that the aligned
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FIG. 1. (a) Normalized absolute values (blue) and phases (red)
of the envelope functions G(t ) of the 100 start-to-end simulated
XFEL pulses. The thick blue line depicts the envelope of the 0.85 fs
Gaussian transform-limited pulse, aligned with the main maximum
of the XFEL pulse ensemble. The difference of 0.31 fs between the
starting points of the free evolution at 5.19 fs (aligned Gaussian
pulse) and 5.5 fs (XFEL pulses) is indicated with a transparent gray
rectangle. (b) Pulse energy distribution of the 100 simulated XFEL
pulses around the average of 42.8 µJ (red).

Gaussian pulse decays to zero at 5.19 fs, while the envelopes
of the simulated pulses have considerable contributions until
5.5 fs and a tail until 6.0 fs. The latter part is neglected herein
so that the free propagation obtained with the Gaussian pulse
commences just 0.31 fs ahead of the ones obtained from the
XFEL pulses.

B. Ground-state nuclear effects

The effect of the ground-state nuclear wave function of
p-aminophenol is herein represented by averaging the re-
sults over an ensemble of geometric configurations sampled
from the harmonic ground-state Wigner distribution of the
molecule, which has been found to be preferred over a purely
thermal sampling [85]. By sampling 106 geometries directly
from the finite temperature Wigner distribution comprising
Nm = 39 normal modes ξ , with dimensionless normal mode
frequencies ωξ , positions Qξ and momenta Pξ ,

W (Q, P, T ) =
Nm∏
ξ=1

exp
{− (Q2

ξ +P2
ξ )

coth
ωξ

2kBT

}
π coth ωξ

2kBT

, (2)

we take into account its nuclear zero-point energy spread as
well as the additional broadening by the thermal population
at T = 300 K. Note that Eq. (2) is obtained by explicitly
summing the Wigner distributions of the harmonic vibrational
states [86] weighted with their thermal populations.

The equilibrium geometry and normal modes of p-
aminophenol have been obtained with the GAUSSIAN16
program [87] at the density functional theory (DFT) level
with the B3LYP functional and the cc-pVTZ basis set. The so
obtained harmonic lowest frequency modes are out of plane
bending of the OH and NH2 groups at 151.12 cm−1, NH2

torsion at 236.72 cm−1, and OH torsion at 293.88 cm−1, with
thermal occupations >1% of the lowest 6, 4, and 4 vibra-

tional levels, respectively. The highest frequencies (smallest
periods) correspond to the asymmetric N-H stretching mode
with 3639.56 cm−1 (9.17 fs) and the O-H stretching at
3823.92 cm−1 (8.72 fs), respectively. However, the highest
frequency mode that involves considerable motion of non-
hydrogen atoms, and thus can be expected to affect the charge
migration dynamics, is found at 1671.20 cm−1 with a period
of 19.96 fs. This gives us some confidence that neglecting
the dynamic evolution of the nuclear wave packet is justified
for the first 10 fs after the pump pulse. While anharmonic
effects play an important role for modes below 800 cm−1

[88], the higher (harmonic) mode frequencies obtained herein
differ only by up to 5% from those in an experimental IR
absorption spectrum [89]. Consequently, the harmonic ap-
proximation should suffice for our purpose of stochastically
sampling molecular geometries from the Wigner distribution.

For five exemplary geometric parameters, the respective
histograms obtained from the ensemble of 106 geometries
are compared against those from a larger sample of 104 ge-
ometries in Figs. 2(b)–2(f). The visual comparison shows that
the smaller ensemble of 106 geometries captures the main
shape of the parameter distributions in all cases. In fact, the
respective averages and standard deviations of both ensembles
agree to a few percent, see Table I. Hence, the ensemble of
106 p-aminophenol geometries is sufficient for this study.

C. Ionization amplitudes

To simulate the charge migration dynamics in p-
aminophenol including the shot-to-shot variation and ground-
state nuclear effects, the ionization amplitudes are explicitly
evaluated for each pair of molecular geometry and pump
pulse. To this end we employ the multicenter static exchange
B-spline DFT approach [90,91] with the LB94 exchange-
correlation functional to construct the molecular bound and
continuum states with the correct asymptotic behavior [92].
This method has been amply and successfully used to evaluate
photoionization cross sections for similarly sized molecules
[93–99].

One obtains first the ground-state electron density of the
neutral molecule in the basis of TZP Slater-type orbitals with
the ADF package [100], from which the static exchange DFT
Hamiltonian is evaluated in the B-spline basis. We chose
herein a radial one-center expansion of B-splines spanning
20 a.u. with a maximum spacing of 0.2 a.u. originating
at the center of the aromatic ring and angular functions
constructed from spherical harmonics with up to lmax

OC = 31.
This has been supplemented with small multicenter expan-
sions at the atomic positions with lmax

MC,H = 1 for the hydrogen
and lmax

MC,OCN = 2 for the other atoms to incorporate the flex-
ibility to describe the electron density cusps at the atomic
positions. To avoid numerical instabilities, their ranges have
been decreased towards the origin from 0.8 a.u. for the outer
H atoms, to 0.7 a.u. for the O, N, and C-attached H atoms,
and 0.6 a.u. for the C atoms. The so-defined B-spline Hamil-
tonian is then diagonalized to obtain the bound Kohn-Sham
(KS) molecular orbitals (MOs) |φi〉 and corresponding orbital
energies εi. Then, (lmax

OC + 1)2 = 1024 degenerate continuum
MOs |φL(ε)〉 are obtained for 36 equidistant kinetic energies ε

from 190.5 eV to 285.7 eV by diagonalizing the Hamiltonian
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FIG. 2. (a) Overlay of 106 p-aminophenol geometries sampled at
300 K from the harmonic ground-state Wigner distribution. [(b)–(f)]
Histograms of the denoted geometrical parameters over the ensemble
of 106 geometries (blue) and a larger sample of 104 geometries (gray)
with the corresponding equilibrium geometry values (red).

with the respectively appropriate boundary conditions [90,91].
These cover all kinetic energies resulting from ionization of
p-aminophenol with all pulses employed herein. L = (l, m)

TABLE I. Averages (standard deviations) of the geometric pa-
rameter distributions plotted in Figs. 2(b)–2(f) for the ensembles
containing 106 and 104 molecular geometries, respectively.

Parameter 106 Geom. 104 Geom.

C2-C3 (Å) 1.39 (0.05) 1.39 (0.04)
O1-C4 (Å) 1.38 (0.05) 1.38 (0.05)
O1-H1 (Å) 1.02 (0.08) 1.02 (0.09)
�H2N1H3 (◦) 108.3 (8.6) 110.5 (8.8)
�H1O1C4C3 (◦) 177.0 (19.0) 180.0 (18.4)

abbreviates pairs of angular momentum and magnetic quan-
tum numbers.

Since orbital relaxation upon ionization and multi-
reference effects are disregarded in this method, it yields only
single MO ionized continuum states. Neglecting the orbital
spins for the sake of clarity, they are constructed from the
ground-state KS determinant |�0〉 by promoting the ith bound
MO to any of the continuum orbitals |φL(ε)〉,

|�i,L(ε)〉 = a†
L(ε) ai|�0︸ ︷︷ ︸

|�+
i 〉

〉. (3)

The so-defined one-hole continuum states have the energy
Ei + ε, where Ei is the energy of the one-hole state of the re-
maining cation |�+

i 〉. The broadband attosecond pump pulse
creates a coherent superposition of these continuum states that
evolves freely once the pulse has passed at time T ,

|�(t )〉 =
∑
i,L

∫
Cu

i,L(ε, T )|�i,L(ε)〉 e−i(Ei+ε)(T +t ) dε. (4)

Finally, the perturbative nature of the considered XFEL
pulses permits to evaluate the photoionization amplitudes in
first-order time-dependent perturbation theory and dipole ap-
proximation,

Cu
i,L (ε, T ) = i〈φL(ε)|r · u|φi〉

∫ T

0
E (t )ei(εi+ε)t dt, (5)

with u being the polarization direction of the field. Note that
the ionization potentials of the ith MO εi = Ei − E0 are inter-
preted as the negative KS orbital energies εi = −εi according
to the extended Koopman’s theorem [101]. In practice, the
time integral is replaced by the pulse’s Fourier transform taken
at the absorbed energy

∫ T
0 E (t )ei(εi+ε)t dt ≈ √

2π Ẽ (T ; εi +
ε)∗. The transforms have been evaluated analytically for the
0.85 fs Gaussian pulse over a total duration of T = 2.375 fs,
corresponding its 0.999 percentile, and numerically up to
5.5 fs for the 100 XFEL pulses. Neglecting the tiny contri-
butions of the XFEL pulses after 5.5 fs, see Sec. II A, overall
affects the resulting Fourier transforms by no more than 2% of
their maximum amplitude. The total number of ionization am-
plitudes, Cu

i,L(ε, T ), evaluated for each combination of XFEL
pulse, molecular geometry, ionized valence MO, and con-
tinuum orbital is 100 × 106 × 21 × 1024 ≈ 227 × 106 per
polarization direction, x, y, z, and kinetic energy ε.

D. Charge migration dynamics

The charge migration is quantified in terms of the time
dependent hole density induced by the sub-fs pulses in
the p-aminophenol cation, which is the difference between
the electron densities of the ground state and the co-
herent superposition of cationic states ρhole(r, t ) = ρ0(r) −
ρ+(r, t ) [4]. The hole densities have been evaluated follow-
ing Refs. [70,102]. Therein, the continuum contributions to
the hole dynamics have been found to vanish after about
0.5 fs [102]. So these are traced out of the complete wave
packet in Eq. (4), reducing the complexity to a superposi-
tion of the N+ = 21 valence-MO-ionized bound states of the
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p-aminophenol cation,

ρ̂+(t ) =
N+∑
i, j

γi j |�+
i 〉〈�+

j |e−iεi j (T +t ). (6)

To take into account the random orientation of the molecule
with respect to the beam, the reduced density matrix has been
averaged over the ionization amplitudes corresponding to the
x, y, z polarization directions,

γi j = 1

3

∑
α=x,y,z

[∑
L

∫
Cα

i,L(ε, T )
(
Cα

j,L (ε, T )
)∗

dε

]
. (7)

It is normalized to
∑

i γii = 1 to establish the norm of the
mixed quantum state ρ̂+(t ) for each calculation regarding a
pair of molecular geometry and sub-fs pulse. The correspond-
ing spatial hole density is separated into a herein disregarded
static part that integrates to unity, i.e., the hole’s norm, and the
dynamic portion [102] that is the focus of this paper,

ρ
dyn
hole(r, t ) = 2

∑
i< j

Re[γi jφ
∗
i (r)φ j (r)e−iεi j (T +t )]. (8)

It is a sum of oscillating contributions from all pairs of valence
MOs i �= j, for which the ionization potential (IP) difference
εi j defines the respective frequencies, whereas amplitude and
character are defined by γi j and the spatial product of the
MOs, respectively. Note that the dynamic hole density in-
tegrates to zero, i.e. positive and negative lobes compensate
each other, at all times.

To quantify the charge migration, localized dynamic hole
charges were obtained by numerically integrating over vol-
umes enclosing the A = NH2, OH molecular sites, QA(t ) =∫

VA
ρ

dyn
hole(r, t )d3r. The integration volumes were constructed

from conjoined spheres with radii corresponding to 75% of
the O-C and N-C distances on the oxygen (1.03 Å) and
nitrogen atoms (1.05 Å), and the full H-O (0.96 Å) and H-
N distances (1.01 Å) on the hydrogen atoms, respectively.
On the C6H4 ring it is calculated from the normalization of
the dynamic hole density, which implies that all dynamic
hole charges sum to zero, 0 = QC6H4 (t ) + QNH2 (t ) + QOH(t ).
Positive (negative) values of these dynamic hole charges in-
dicate electron deficiency (excess) at the corresponding sites
of the p-aminophenol cation with respect to its static electron
density.

To unravel the combined effect of the shot-to-shot variation
and the ground-state nuclear wave function of p-aminophenol,
the dynamic hole charges Qν,R

A (t ) obtained for each pair of
XFEL pulse ν and molecular geometric configuration R are
averaged in a two-step procedure. First, the average is taken
for each pulse over the ensemble of NR = 106 geometries, re-
sulting in pulse-specific averaged hole charges Qν

A(t ). Second,
these are averaged over the sample of Np = 100 XFEL pulses,
using the pulse energies relative to their average as scaling
factors, wν = Epulse

ν /Epulse
avg ,

QA(t ) = 1

Np

Np∑
ν=1

wν

(
1

NR

∑
R

Qν,R
A (t )

)
︸ ︷︷ ︸

Qν
A(t )

. (9)

FIG. 3. (a) p-aminophenol equilibrium geometry MO ionization
cross sections, in units of 1 Mb = 10−22 m2, overlaying the L2-
normalized |Ẽ (ω)| spectra of the 100 XFEL pulses (blue) and the
0.85 fs 260 eV Gaussian pulse (dark blue). (b) PES for 260 eV cw-
radiation. The cross section sticks of the 21 MO ionization channels,
colors matching (a), have been broadened with a 1.0 eV Gaussian
lineshape to obtain the continuous curve. The experimental lowest
IP, 7.83 eV [103], is indicated.

This average incorporates the intensity fluctuation of the
pulses relative to each other, see Fig. 1(b), since the degree
of ionization obtained by each pulse is kept proportional to
the energy deposited in the focal area, while exactly one
electron per molecule is removed at the average pulse energy
of 42.8 µJ. The scaling is necessary, since the effect of the
intensity fluctuation has been previously removed by the nor-
malization of the reduced density matrices, see discussion of
Eq. (7).

III. RESULTS AND DISCUSSION

To set the stage for analyzing the impact of the shot-to-shot
variation and ground-state nuclear effects onto the charge
migration in p-aminophenol, we first discuss its photoion-
ization properties and electronic structure obtained with the
static exchange B-spline DFT method. Figure 3(a) depicts
the 21 valence MO photoionization cross sections for the
equilibrium geometry overlaying the spectra of the 100 sub-fs
XFEL pulses and the 0.85 fs 260 eV Gaussian pulse used
for the charge migration calculation. Figure 3(b) contains the
260 eV continuous wave (cw) photoelectron spectrum (PES)
at the pulses’ carrier frequency. The sticks therein represent
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a cut through the MO cross sections at 260 eV and sum to
a total cross section of 0.313 Mb (10−22 m2). They have
been broadened with a Gaussian FWHM of 1.0 eV to ob-
tain a continuous curve in approximate correspondence to a
synchrotron measurement of the valence PES with 260 eV
radiation. Unfortunately, such a measurement could not be
found in the available literature. Both panels show that despite
the cross sections being largest for the inner valence orbitals
10, σNC, and 9, σOC, all MO ionization channels contribute
to the spectrum and none of them can be disregarded from the
electronic wave packet, Eq. (4). Remarkably, the lowest exper-
imental IP of 7.83 eV [103], indicated in panel (b), lies around
2 eV below our theoretical prediction, which can be attributed
to the LB94 functional leading to an overestimation of the
outer valence MO IPs. This characteristic has also been found
in previous studies [68–70,102]. Since the cross sections are
rather flat at these high energies, however, we do not expect
the photoionization amplitudes to be notably affected by this
discrepancy. The respective PES obtained with the Gaussian
and XFEL sub-fs pulses are presented in the Appendix.

The charge motion initiated in p-aminophenol by ioniza-
tion with the 0.85 fs 260 eV Gaussian pulse is illustrated in
Fig. 4(a), depicting snapshots of the dynamic hole density,
Eq. (8), at times of prominent charge displacement. Addi-
tionally indicated are the integration volumes that have been
used to obtain the localized dynamic hole charges QA(t ) at
the OH, NH2, and C6H4 sites as detailed in Sec. II D. Their
temporal evolution is plotted in Fig. 4(b), while Fig. 4(c)
contains the corresponding infinite-time Fourier transforma-
tions broadened with a Gaussian FWHM of 0.08 eV to obtain
continuous curves. At t = 0 fs after the Gaussian pulse, our
simulations predict a respective surplus and deficiency of
electronic charge on the OH and NH2 groups and an approx-
imately zero net charge on the C6H4 ring, with respect to
the static electron density in the cation. From this point, the
charge motion evolves on the full molecule with periods of
1.5 fs–2.5 fs, involving mainly the OH group and the C6H4

ring, while the NH2 group participates to a lesser extent.
Therein, the dynamic hole charges never exceed a few percent
of the total hole, in line with previous works [69,102].

To illustrate the effect of the shot-to-shot variation in the
time and frequency domain Figs. 4(b) and 4(c), respectively,
also depict the pulse-energy-scaled averages obtained for the
100 XFEL pulses in the equilibrium geometry. The timescale
of the pulse-averaged dynamics has been shifted by 0.31 fs
to compensate the later entry into the free evolution due to
the broader temporal envelope of the XFEL pulses, see Fig. 1.
With this alignment, the feature positions and characteristics
in the pulse-averaged time evolution of the hole charges at
all sites barely deviate from those obtained with the Gaussian
pulse. The main effect of the shot-to-shot variation and the
overall different spectral characteristics of the XFEL pulses is
thus the reduction of the hole charge amplitudes by up to 35%
with respect to the Gaussian pulse results. The Fourier trans-
forms in panel (c) reveal multiple frequency contributions at
each molecular site, with the most prominent ones, labeled
1-6, corresponding to frequencies (periods) in the range of
0.65 eV (6.4 fs) to 3.1 eV (1.3 fs). The amplitude reduction by
the shot-to-shot variation translates to the frequency domain
as well, however, not evenly. The low frequency components

1 and 2 (<1 eV) are less affected than 3–6 at higher frequen-
cies, which appear to be more susceptible to the shot-to-shot
variation and spectra of the XFEL pulses.

The isolated effect of the ground-state nuclear wave func-
tion, represented by the ensemble of 106 nuclear geometries,
see Fig. 2, on the dynamic hole charges obtained with the
Gaussian pulse is shown in Figs. 4(d) and 4(e). Therein, the
fluctuations of the temporal dynamic hole charges are damped
by about 85% within the first 3 fs. During this time, the
dynamic hole charges approximately correspond to the pro-
gressively damped equilibrium-geometry result in panel (b).
Beyond 3 fs, however, the oscillations reach still up to about
20% of their maximum amplitude, in approximate agreement
with a previous study [72]. This is due to the fact that all
quantities defining the dynamic hole density in Eq. (8), i.e.,
the oscillation frequencies, ionization amplitudes, and spatial
orbital functions depend on the molecular geometry. The fre-
quency analysis of the geometry averaged dynamics in panel
(e) reflects this effect. It comprises a prominent low-frequency
band until 2.5 eV (1.7 fs) and a less intense band until 4.3 eV
(1.0 fs) instead of the respective sharp features obtained for
the equilibrium geometry with the shot-to-shot variation in
panel (c).

Finally, the combined effect of the XFEL shot-to-shot vari-
ation and the ground-state nuclear wave function on the hole
charges is presented in Figs. 4(f) and 4(g). Therein plotted
are the total averages over the results for 100 XFEL pulses,
each of which averages over the ensemble of 106 molecular
geometries, see Eq. (9). In addition, the 95% confidence inter-
vals for the outer average over the XFEL pulses illustrate the
stochastic uncertainty derived from the shot-to-shot variation,
see Fig. 1. In the time and frequency domains they respec-
tively span at maximum ±10% and ±20% around the average
values, demonstrating that the here employed ensemble of
XFEL pulses is large enough to yield meaningful results.

Similarly to our initial results for the equilibrium geometry
of p-aminophenol, the additional inclusion of the XFEL shot-
to-shot variation and pulse spectra on top of the ground-state
nuclear effects leads to a reduction of the maximum hole
charge amplitudes in the time and frequency domains by up
to 30% in comparison to the geometry-averaged Gaussian
pulse results in Figs. 4(d) and 4(e). The characteristics of the
dynamics, however, is not altered significantly, although some
features appear less prominent. In particular, the progressive
damping of the charge dynamics due to the ground-state nu-
clear effects is not affected by the shot-to-shot variation in the
present ensemble of 100 XFEL pulses.

The main cause for the dephasing lies in the fluctuation of
the prominent oscillation frequencies defined by the orbital
IPs, εi j = εi − ε j , with the geometry. This is illustrated in
Fig. 5, which depicts histograms of the oscillating frequencies
of the four dominant terms in the OH dynamic hole charge that
have been obtained for the 106 geometries combined with (i)
the Gaussian pulse and (ii) the ensemble of 100 pulses. As can
be seen, the inclusion of the shot-to-shot variation on top of
the geometry ensemble in (ii) does not significantly broaden
the distribution of the four leading oscillating frequencies ob-
tained with just the nuclear ground-state effects in (i). Hence it
does not considerably accelerate the dephasing of the dynam-
ics, even though it shifts the respective average frequencies to
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FIG. 4. (a) Snapshots of prominent hole density dynamics, Eq. (8), induced by ionization with the 0.85 fs 260 eV Gaussian pulse in
the equilibrium geometry of p-aminophenol. Violet (orange) lobes correspond to negative (positive) hole density with isovalue 0.0003. The
integration volumes to obtain the hole charges at the OH and NH2 sites are indicated in red and blue. (b) Evolution of the hole charges Q(t ), at
the OH (red), NH2 (blue), and C6H4 (green) sites in the equilibrium geometry. Gaussian pulse results (dashed) are compared against averages
over the 100 XFEL pulses (solid). The pulse-averaged dynamics have been shifted by 0.31 fs to align with the Gaussian pulse timescale, see
Fig. 1. (c) Absolute values of the corresponding Fourier transforms |Q̃( f )|. [(d), (e)] Same as (b) and (c) but now showing the respective
averages over 106 molecular geometries for the Gaussian pulse. [(f), (g)] Respective results averaged over the 100 XFEL pulses and, for each
pulse, over the ensemble of geometries. The corresponding 95% confidence intervals (shaded) are depicted as well. The scaling factors in
panels (e) and (g) have been chosen such that the vertical range is the same as in (c).

slightly lower values. It should, however, be noted that these
findings hold only for pulse ensembles that do not encompass
a considerably stronger shot-to-shot fluctuation than the one
employed herein.

IV. CONCLUSIONS AND OUTLOOK

We have shown that charge migration induced by 260 eV
sub-fs XFEL pulses in p-aminophenol is not significantly

affected by their intrinsic shot-to-shot variation, which we
represented by an ensemble of 100 pulses obtained from start-
to-end simulations of the x-ray laser-enhanced attosecond
pulse generation procedure implemented at the LCLS [63].
The obtained amplitude reduction of the charge fluctuations
due to this effect is far less important than that due to the
natural geometrical variation of the molecule associated with
its initial-state nuclear wave function. The latter effect sig-
nificantly damps the generated charge dynamics beyond 3 fs.
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FIG. 5. [(a)–(d)] Histograms of the oscillation frequencies εi j

with the 1st–4th largest weight in the Fourier analysis of the OH hole
charge dynamics. The results for the 0.85 fs 260 eV Gaussian pulse
and the 106-geometry ensemble, see Fig. 4(e), are depicted in blue;
gray denotes those obtained for the combination of the 100 XFEL
pulses and the 106 molecular geometries, see Fig. 4(g). The blue and
black dashed lines denote the respective averages.

These results suggest that as long as the shot-to-shot variation
is not significantly stronger than in this work, attosecond
soft x-ray spectroscopies at XFELs, as, e.g., those already
available at the LCLS [63], can be reliably used to investigate
pristine charge dynamics at its early stages. Further, this result
means that with high-repetition rate XFELs charge migration
can be rapidly measured at their full rate without the need to
measure and detect only the data for a minority of pulses.
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cross sections overlaying the |Ẽ (ω)| spectra of the 100 XFEL pulses
(blue) and the 0.85 fs 260 eV Gaussian pulse (dark blue). (b) PES for
260 eV cw-radiation. The stick intensities of the 21 MO ionization
channels, colors matching (a), have been broadened with a 1.0 eV
Gaussian lineshape. The experimental lowest IP, 7.83 eV [103], is
indicated. (c) Equilibrium geometry PES obtained with the 0.85 fs
260 eV Gaussian pulse (dashed); average PES over 100 XFEL pulses
for the equilibrium geometry (blue) and additionally averaged over
the 106 geometries for each pulse (red). Linear scales are used in all
panels.

Basic Energy Sciences Accelerator and Detector Research
program. Z.G. acknowledges the support from the Robert
H. Siemann Graduate Fellowship in Physics. The work of
J.P.C. and T.D. was supported by the U.S. DOE, Office of
Science, Basic Energy Sciences, Chemical Sciences, Geo-
sciences, and Biosciences Division. P.W. was supported by
the Linac Coherent Light Source (LCLS), SLAC National
Accelerator Laboratory, which is supported by the U.S.
Department of Energy, Office of Science, Office of Basic

023092-8



EFFECT OF THE SHOT-TO-SHOT VARIATION ON … PHYSICAL REVIEW RESEARCH 5, 023092 (2023)

Energy Sciences under Contract No. DE-AC02-76SF00515.
J.P.M. was supported by the U.K. Engineering and Phys-
ical Sciences Research Council Grants No. EP/R019509/1
and No. EP/T006943/1. A.P. was supported by grants ref.
2021-5A/IND-20959 (Comunidad Madrid) and ref. PID2021-
126560NB-I00 (MCIU/AEI/FEDER, UE).

APPENDIX: ATTOSECOND-PULSE
PHOTOIONIZATION SPECTRA

Figures 6(a) and 6(b) are reproduced from Fig. 3 in the
main text to facilitate the discussion of the p-aminophenol
PES obtained with the sub-fs pulses depicted in Fig. 6(c).
The latter contains the equilibrium geometry PES induced by
the 0.85 fs 260 eV Gaussian pulse and, respectively, averaged
over the 100 XFEL pulses to account for the shot-to-shot vari-
ation and realistic pulse envelopes. Further, the PES including
the effect of the initial nuclear wave function by averaging
over the 106 molecular geometries in addition to the shot-to-
shot variation is shown as well. The PES for each pulse and
molecular geometry have been obtained as the photoioniza-
tion probability per photoelectron kinetic energy by summing
the respective squared photoionization amplitudes, see Eq. (5)
of the main text, over the continuum angular parts L = (l, m)
and the ionized valence MOs i,

P(ε) = 1

3

∑
α=x,y,z

∑
i,L

∣∣Cα
i,L (ε, T )

∣∣2
. (A1)

Averaging over the polarization directions is carried out to ac-
count for the random orientation of the molecule with respect
to the polarization of the ionizing pulses. The resulting PES
have then been transformed to the binding energy scale by
subtracting the kinetic energy from the respectively different
central photon energies of each pulse EB = ων − ε. Subse-

quently, the averages over the XFEL pulses and geometries
have been evaluated evenly over the binding-energy-scale
PES. In that way, the intensity fluctuations of the pulses,
depicted in Fig. 1 of the main text, are incorporated via
the photoionization amplitudes. Finally, the spectra shown
in Fig. 6(c) have been normalized to the area under their
respective curves.

In the shot-to-shot averaged PES, the local maxima ap-
pear displaced by about ±2 eV with respect to those in the
Gaussian pulse PES that are aligned perfectly with the main
features in the 260 eV cw PES in panel (b). This can be
attributed to the different sub-fs pulses’ spectra, which are
imprinted into the lineshape of each single-MO ionization
feature via the respective photoionization amplitudes. In the
continuous wave case, these appear as infinitely narrow sticks
at the MO IPs. However, the 0.85 fs 260 eV Gaussian and
XFEL pulses have spectra of nonzero width, see panel (a),
respectively corresponding to a Gaussian shape with a FWHM
of 4.3 eV and rough double-peak structures having an overall
FWHM of ≈8.0 eV. The two local maxima of the latter appear
displaced by about ±2 eV around the respective central pho-
ton energies of the pulses. Upon summation of the single-MO
ionization features to the total PES, depicted in panel (c),
this results in the observed different placement of the local
maxima in the Gaussian pulse and shot-to-shot averaged PES
curves, respectively.

Taking into account the width of the initial nuclear wave
function by averaging over the ensemble of 106 geometries,
see Sec. II B of the main text, on top of the XFEL shot-to-shot
variation leads to an almost indistinguishable PES in compar-
ison to only including the average over the XFEL pulses. This
shows that the variation of the static PES due to the width of
the nuclear wave function at T = 300 K is in this case much
smaller than the effect of the sub-fs pulses’ spectral shape.
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