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Suppression of hole decoherence in ultrafast photoionization
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In simple one-photon ionization, decoherence occurs due to entanglement between ion and photoelectron.
Therefore, the preparation of coherent superpositions of electronic eigenstates of the hole in the photoion is
extremely difficult. We demonstrate for the xenon atom that the degree of electronic coherence of the photoion in
attosecond photoionization can be enhanced if the influence of many-body interactions is properly controlled. A
mechanism at low photon energies involving multiphoton ionization is found, suppressing the loss of coherence
through ionization into the same photoelectron partial waves. The degree of coherence found between the 4d0

and 5s hole states is, on the one hand, limited by Auger decay of the 4d0 hole. On the other hand, increasing the
population ratio such that a significant portion of the state is in a true superposition of both states renders the
maximization of the degree of coherence difficult.

DOI: 10.1103/PhysRevA.101.043405

I. INTRODUCTION

The preparation and control of wave packets with light has
been in the focus of research in chemistry and physics for
many decades [1–4]. The precise characterization of excita-
tion and ionization processes plays a crucial role in the quest
for control over matter. In particular, the theoretical study of
ultrafast hole dynamics and the associated charge migration
in molecules has been attracting a lot of attention in the past
few years [5–8]. Usually, it is assumed that a coherent wave
packet has been prepared in a sudden manner, such that it
constitutes a well-defined initial state. However, the question
remains how to generate such a coherent state in the first
place. The urgency of this question is evident in view of the
fact that first measurements have been performed that probe
attosecond wave packets [9,10] and hole dynamics following
photoionization [11,12].

Experimental attosecond technology has advanced signifi-
cantly over the past few years, and attosecond pulses can be
synthesized in order to obtain shorter pulses in the optical or
(X)UV range with variable bandwidths [13–15]. The current
record in shortness to the best of our knowledge is a pulse as
short as 43 as [16] reaching the water window. This progress
as well as the expected pulse shaping possibilities yet to come
will open new doors for spectroscopy and applications, which
are particularly interesting in view of wave-packet prepara-
tion. Using transient-absorption spectroscopy with subfem-
tosecond pulses [17–19], the dynamics of valence electrons
was already investigated on an attosecond timescale.
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In these endeavors, the coherence of the prepared hole
states plays an important role. The loss of coherence, or
decoherence, in a given quantum system occurs whenever this
quantum system becomes entangled with another quantum
system (see, e.g., Ref. [20]). In the context of system-bath
models, the quantum system of interest is referred to as system
and the second quantum system is called bath (or reservoir
or environment). In the present problem, hole decoherence is
a consequence of entanglement between the photoion (“sys-
tem”) and the photoelectron (“bath”). It was shown that one
way to increase the coherence of the ionic wave packet to
some extent is to synthesize light pulses as short as possible
[18]. Obviously, there is a limit to this approach, and pulse
shortness does by no means represent a sufficient condition
for a high degree of coherence.

The specific preparation and control of coherent hole
wave packets is still challenging because various types of
interaction within atoms and molecules lead to decoherence
[21]. The question of decoherence for xenon in one-photon
attosecond ionization was addressed in Ref. [22] within the
time-dependent configuration-interaction singles (TDCIS) ap-
proach [23]. TDCIS is particularly well suited for the de-
scription of electron-correlation processes [24,25] leading to
entanglement between the photoion and the photoelectron.
Reference [22] identified broadband attosecond pulses span-
ning the binding energies of the xenon 4d0 and 5s orbitals
to be merely a necessary condition for achieving coherence
in photoionization. Because an electron from either orbital
can be promoted to the same final continuum state εp by
one-photon ionization, it leaves behind the ionic hole in a
partially coherent superposition of a 4d0 and 5s hole state.
However, since the probability to ionize a 4d electron into
an ε f state is larger than into an εp state, the part of the
hole state being in a superposition of a 4d0 and 5s hole is
small.
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The interaction of the ionized electron with the ionic hole
during the ionization process results in additional entangle-
ment of the two, further reducing the coherence within the
photoion. This effect can—in that simple approach—only be
remedied by increasing the mean photon energy of the pulse
into the far XUV [22] in order to avoid long interaction times
and, therefore, entanglement between the photoelectron and
the photoion. However, a high degree of coherence is not
guaranteed because of the various accessible photoelectron
final states.

In this work, we report on an approach to meet the
challenge of preparing coherent wave packets in many-body
systems upon attosecond photoionization. It involves, in ad-
dition to one-photon processes, three-photon ionization. We
demonstrate that the degree of coherence (DOC) can be max-
imized by controlling the impact of many-body correlations,
not necessarily through a shorter interaction time, but using
multiphoton ionization, which leads to the same partial waves
for the photoelectron while leaving behind a coherent super-
position of the hole, and nontrivial chirps. In strong contrast
to Ref. [22], in the present work we account for all possible
ionization paths, in particular the possible photoelectron f
states, and the Auger lifetime of the 4d0 hole, in order to
model real experimental conditions.

II. THEORETICAL FRAMEWORK

In order to learn how coherent wave-packet preparation can
be achieved in a true many-body system, we apply quantum
optimal control theory (QOCT). It has been employed to
tackle the question of control over matter with electromag-
netic fields [26,27]. For weak fields, bichromatic control, i.e.,
the pathway interference between transitions driven by two
different photon energies, was discussed in the context of
quantum control theory by Shapiro and Brumer [28]. By com-
bining QOCT [27] with the many-body TDCIS method for
calculating photoelectron spectra [29,30], quantum interfer-
ences among eigenstates involved in the ionization dynamics
were exploited specifically for steering photoelectrons [31]
and investigating ionic hole coherence in argon [32].

We apply the optimization method of Ref. [32] to photoion-
ization from the xenon 4d0 and 5s orbitals to maximize the
degree of hole coherence,

gi, j (t ) =
∣∣ρIDM

i, j (t )
∣∣

√
ρIDM

i,i (t )ρIDM
j, j (t )

, (1)

which is given by the coherence between the hole states
i and j in terms of the ion density matrix element, ρIDM

i, j ,
normalized with respect to the corresponding populations.
The simple control mechanism found for argon, of ionizing
the 3p0 orbital and refilling it by excitation from the 3s orbital
[32], fails in this case since the 4d0 and 5s orbitals cannot be
coupled by one-photon excitation. Given the Auger lifetime
of 2.6 fs for the 4d0 hole, we restrict our analysis to attosecond
photoionization and constrain the pulse duration to a few-
hundred attoseconds. In order to avoid the “trivial” solution
of reducing the interaction time, and thus entanglement,
between photoelectron and ionic hole by increasing the
photon energy like in Ref. [22], we limit the photon energies
to below ωmax =130 eV. We ensure the validity of the TDCIS

FIG. 1. (a) Gaussian guess field of 20 as pulse duration centered
at 136 eV (cf. Ref. [22]), (b) optimized pulse, and (c) power spectra
and spectral phases for both pulses.

approximation by considering electric-field amplitudes up to
52 GV/m for which the probability for multiple ionization
remains small. In particular, we choose the amplitude such
that the final ground-state depletion is between 0.2 and 0.3.
The upper bound ensures ionization of predominantly a single
electron; the lower one ensures reasonably high ionization
probabilities for the purpose of experimental detection of
photoion coherence.

III. RESULTS

The optimized pulse is shown in Fig. 1 together with
the guess pulse, which was chosen to be the pulse used in
Ref. [22]. Note that the duration of the optimized pulse is
much longer than for the pulses considered in Ref. [22]. As
shown in Fig. 1(c), the main photon energies of the optimized
pulse are redshifted compared to the spectrum of the guess
pulse. This is in striking contrast to the control strategy of
fast escape by increasing the photoelectron’s kinetic energy
[22], which would lead to a large blueshift. The main peak of
the optimized pulse is centered below the 4d binding energy.
Thus, one-photon ionization of the 4d orbital will not be
dominant, and the optimized pulse produces slower photo-
electrons from ionization of the valence shells than the guess
pulse. Figure 1(c) also shows the spectral phases of the pulses.
Whereas the Gaussian guess pulse comes with a flat spectral
phase, the optimized pulse exhibits nonlinear chirps in the
relevant spectral region up to 75 eV. By fitting to a polynomial,
the spectral phase is found to be approximately cubic. This
indicates that in addition to the spectral amplitudes at specific
energies, interferences are important for the observed control.
Note that it is known that chirps can be used to focus or
broaden wave packets [33].

Figure 2 shows the hole populations and the DOC as a
function of time for the two pulses. Compared to the dynamics
driven by the guess pulse, the optimized pulse increases the
ionization of the 5s orbital, while decreasing that of the 4d0

orbital. While the guess pulse leads to almost no coherence
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FIG. 2. (a) Hole populations of the 4d0 (solid curves) and 5s
(dashed curves) orbitals resulting from the guess pulse (blue curves)
and the optimized pulse (red curves). (b) DOC as a function of time.

at all, the optimized pulse allows the system to reach a value
of about 0.85 at the end of the pulse. It prepares the hole in
such a superposition that long after the pulse is over, the DOC
remains almost constant. However, this comes at the expense
of a small hole population in the 4d0 orbital, which makes
it possible to suppress the impact of Auger decay. In fact,
manually switching off the Auger decay in the calculations
leads to an almost perfect DOC, g4d0,5s ≈ 1, compared to 0.85
in Fig. 2(b).

The resulting partial-wave-resolved, angle-integrated pho-
toelectron spectra (PES) for the relevant orbitals are compared
in Fig. 3. The partial-wave-resolved PES resulting from the
guess pulse and the optimized pulse show significant dif-
ferences. For the guess pulse, the 4d0 ionization dominates,
while 5s electrons are ionized much less. The 5s electrons are
promoted to an l = 1 state, whereas the spectrum for the 4d0

electrons consists of two parts. At low energies, a final p state
is assumed, while at higher energies, an angular momentum
of l = 3 dominates. In total, the amount of ionization into
l = 3 states is much larger than into l = 1, which is also
expected from the Clebsch-Gordan weights (note the logarith-
mic scale).

In contrast, the optimized pulse produces a strongly modi-
fied PES. The photoelectron energies between 5 and 12 eV re-
sulting mainly from 4d ionization are suppressed and the main
photoelectron peaks of both 4d0 and 5s electrons are observed
at very low kinetic energies around 0.1–0.5 eV. Intuitively, we
can understand this tendency of the optimization as follows:
in the range between 75 and 140 eV photon energy [cf.
Fig. 1(b)], strong electron correlations occur [24,34] which
generate a pronounced response of the 4d-shell electrons.
By decreasing the mean photon energy of the pulse below
the giant resonance, the influence of the strong many-body
response is diminished. Generally, the shapes of the partial
spectra of the 4d0 and the 5s orbitals for the same l states
coincide nicely over the whole energy range. The part of

FIG. 3. Partial-wave-resolved, angle-integrated PES for the
guess and optimized pulse. Note the peaks below 1 eV whose shape
coincides for the corresponding 4d0 and 5s ionization.

the final state that is in a superposition of the 5s and 4d0

holes with photoelectron angular momentum l = 1 is strongly
enhanced (as compared to l = 3 at larger kinetic energies) and
dominates in particular at low energies.

To scrutinize the impact of many-body correlations and
to test the advantageous influence of multiphoton processes,
the control strategy is constrained to photon energies below
65 eV in order to exclude one-photon ionization of the 4d
shell. At the same time, with the inherently multichannel,
many-body approach of TDCIS, we study the impact of
electron-correlation effects on the success of the optimization
by manually switching correlations on (correlated model) and
off (reduced), and comparing the results.

As shown in Fig. 4(b), both optimizations lead to pulse
spectra that are strongly peaked at an energy of about 23 eV,
which can ionize the 5s orbital with one photon and the 4d0

orbital via three-photon ionization. Consequently, these path-
ways can interfere by leading to the same final photoelectron
p state with a kinetic energy of about 0.3 eV, as shown in
Fig. 4(b) in the angle-integrated PES. Therefore, a coherent
superposition in the photoion can be created, which leads to
a high degree of hole coherence. In Fig. 4(c), the DOCs are
shown for both cases: A DOC of 0.88 is obtained for the
full, correlated optimization, limited solely by Auger decay.
A slightly lower DOC is obtained in the reduced model.

The shapes of the photoelectron spectra shown in Fig. 4(d)
are similar for both, the correlated and the reduced scheme.
While in the scenario including all correlations the field can
strongly drive atomic resonances and change the hole states
through channel interactions, in the case without electron
correlations the hole state cannot be changed once created.
Although one might expect that many-body correlations are
hindering the creation of a high DOC, we find in the energy-
constrained case that the optimization succeeds in producing
significantly enhanced DOCs in both scenarios [cf. Fig. 4(c)],

043405-3



KARAMATSKOU, GOETZ, KOCH, AND SANTRA PHYSICAL REVIEW A 101, 043405 (2020)

FIG. 4. (a) Energy-constrained optimized fields for the corre-
lated (red) and reduced (blue) models, respectively. (b) Spectra of the
corresponding energy-constrained fields. (c) DOC for the correlated
and reduced models. (d) Angle-integrated PES for the correlated and
reduced-optimized cases.

with the DOC of the correlated model even exceeding the
reduced one.

To confirm that the underlying mechanism responsible
for the strongly enhanced coherence is indeed interfering
multiphoton ionization pathways, the 4d and 5s yields are
studied as a function of the peak intensity I0 for the field
shape shown in Fig. 4(a) (red curve). The results are shown
in Fig. 5. From leading-order perturbation theory, one would
expect the 5s yield to scale linearly with the intensity and
a power-of-three law for the 4d0 yield, which would un-
ambiguously corroborate the hypothesis of coherent wave-
packet interference originating from single- and three-photon
ionization pathways. From Figs. 5(a) and 5(b), however, it
is apparent that the atomic response cannot be described
perturbatively for intensities at which a high DOC is achieved
[cf. Fig. 5(c)]. At such intensities, the atomic response already
starts to saturate. This explains the scaling of the 5s hole
population with a power law less than one [Fig. 5(b)]. For
the same reason, the power law associated with the intensity

FIG. 5. (a) 4d0 and (b) 5s yields as a function of peak intensity;
(c) corresponding DOC.

FIG. 6. Maximum achievable degree of coherence for several
hole population ratios, ρIDM

4d0,4d0
/ρIDM

5s,5s.

dependence of the 4d0 hole population is less than three.
But since that power exceeds two—in a regime of (partial)
saturation—it is clear that the process in question is (at least)
a three-photon process.

Another crucial ingredient in creating a truly coherent
superposition of two distinct states is that both states are
sufficiently populated with a population ratio of one, or close
to one.

In this context, our calculations show that optimizing the
DOC while also optimizing the hole population ratio to one
dramatically alters the maximum achievable DOC. While
independent optimization of either the population ratio or
the DOC leads to a high value of the respective quantity,
we found that simultaneous optimization of both quantities
is rather hard to achieve. In fact, optimization of the DOC
with the population ratio as a constraint (in addition to those
with respect to the field and the depletion of the ground state)
is found to be inefficient as the overall functional is very
sensitive to the optimization weights associated with the DOC
and the population ratio. In particular, if the optimization
weights are comparable, the algorithm tends to arbitrarily
favor either the DOC or the population ratio. To overcome
this, two strategies were adopted. In the first approach, the
algorithm is rendered monotonic by allowing an update of
the field only if the ratio and the DOC are simultaneously
improved. In the second approach, the hole population ratio is
first optimized and, as a second step, the resulting optimized
field serves as a guess field for optimization of the DOC,
which gives more flexibility for the choice of optimization
weights between the DOC and the population ratio in the
second step. Both methods render the field update extremely
slow, but, more importantly, both give the same overall result,
indicating the detrimental effect of large population ratios on
the DOC.

In order to find the best compromise between the DOC
and the hole population ratio, we proceed to optimize the
DOC for fixed hole population ratios. The optimization results
are shown in Fig. 6. For every hole population ratio shown
on the x axis, the y axis indicates the maximum achievable
DOC for that particular ratio. For small ratios, a high DOC
can be achieved. For comparable hole populations, the DOC
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decreases very fast. The decreasing value of the DOC as a
function of the population ratio clearly indicates the limita-
tions of achieving a high DOC for similar hole populations.

IV. CONCLUSIONS

In summary, we have explored a mechanism that exploits
multiphoton ionization and leads to a noticeable enhancement
of the DOC at low photoelectron kinetic energies. By con-
straining the photon energies and bandwidth of the engineered
pulses, the interferometric multiphoton mechanism presented
in this work is—by construction—in contrast to that discussed
in Ref. [22], where the mean photon energy had to be in-
creased to achieve a high DOC. Here, the DOC can be ef-
fectively increased through quantum interference between the
predominant single and multiphoton ionization of 5s and 4d0

electrons into the same final electronic continuum state with
l = 1 character at low photoelectron energies, and through the
simultaneous suppression of ionization into f states. Although
the freed electron can still interact with the ionic system at
the resulting slow photoelectron kinetic energies, a significant
part of the final state can be prepared in a coherent superposi-
tion of the 4d0 and 5s hole states when introducing appropriate
chirps in the pulse. However, preparing the final state in a true
superposition of both the 4d0 and the 5s states by imposing

comparable and stationary hole population ratios after the
pulse is over adds an additional constraint to the optimization
problem—in addition to the imposed maximum electric-field
amplitude, photon energies below 65 eV, maximum pulse
duration (limited by the Auger decay of the 4d0), and final
ground-state depletion considered in this work—resulting in
a decrease in the maximally achievable DOC, compared to
the case of unconstrained hole population ratio. Therefore,
in the context of engineering pulses under such constraints,
a compromise between the two quantities must be found.

In view of the rapid developments of measurement tech-
niques in attosecond physics (see, e.g., Refs. [14,18]) that
make it possible to probe the ionic hole state on an attosecond
timescale, the experimental realization of the proposed mech-
anism for the control of coherent electronic states in atoms
and molecules seems feasible in the near future.
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