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Using numerical solutions to the Dirac equation, we examine the role of energy shifts on the
energy spectrum of created positrons in the laser-induced electron-positron pair creation process in
the presence of a highly charged model nucleus. We suggest that at those laser intensities, where
the created electrons can be captured by the nucleus, the inclusion of the field induced energy level
shifts is crucial to predict correct positron energy spectra, especially close to the threshold for this
process with regard to the laser frequency. For the interesting case where the laser frequency is
tuned to the bound state energy differences, the coherence associated with possible electronic Rabi
oscillations is transferred to the generated positrons leading to new splitted peaks in their energy

spectrum.
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1. Introduction

The possibility to break down the vacuum state and to create electron-positron pairs from either
a supercritical time-independent or electromagnetic fields has been a subject of wide interest [1, 2].
In part, this interest to probe the nonlinear properties of the quantum vacuum has also been fostered
by dramatic advances in the development of lasers with unprecedented strength [3-7]. Here
intensities of the order of 10?* ~ 10*W/cm? may become accessible in the next few years, which
might open the door to exciting investigations of QED in the high-intensity regime. A firm
theoretical understanding of relativistic effects is important not only for studying fundamental
aspects of high-intensity laser-matter interaction, but also for applications such as novel X- and
gamma-ray radiation sources.

A monochromatic plane wave field can model the electromagnetic field of a laser beam where
all of the photons have the same energy and propagate in the same direction. This configuration
cannot trigger any pair creation process from the vacuum, which usually requires the collision of
two or more photons. However, by choosing external field configurations that are more
complicated with regard to their spatial and temporal characteristics, photon-photon collisions can
be simulated leading to the pair production process [8-11]. An alternative way to create
electron-positron pairs is based on a static but supercritical electric field associated with a highly
charged nucleus. Yet another configuration to produce pairs relies on the simultaneous action of a
nuclear binding field and an electromagnetic field. Here the bound states [12-17] of the binding
potential can serve as a bridge between the positive and negative energy continuum states and
therefore enhance the pair production. This scenario can be realized in the laboratory by injecting a
laser pulse at a highly charged ion or nucleus. The energies of the bound states play a major role in
the pair creation processes induced by continuum-bound state interactions [13-15,18,19].

In this work, the focus is on two new aspects of the pair creation process and the resulting
energy spectra of the created positrons that have not received attention. Both illustrate how spectral
features of the final electron states manifest themselves in the energy distribution of the created
positrons. First, it is pointed out that in addition to the well-understood threshold shifts associated
with the negative energy continuum states, the inclusion of the dressing of the corresponding
electronic bound state energies is also crucially important at these high laser intensities. These
shifts need to be understood in order to correctly identify the positrons' energy peaks with the

corresponding multiphoton transitions.
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Second, for the interesting case where the laser frequency is tuned close to the resonance of a
pair of electronic bound states, a new phenomenon is predicted. We report on a novel two-photon
based coherence transfer phenomena, where resonant bound-bound transitions of the captured
electron can manifest itself in the splitting of peaks in the positrons' energy spectra triggered by a
single laser pulse of fixed frequency.

A different effect based on resonant Rabi-oscillations in the context of pair creation was
discussed in a seminal work by Rufet al. [20]. In this interaction there was no binding potential and
the field was given by two counter-propagating beams. A splitting was observed in the final
particle yield as a function of the laser frequency associated with the fact that the vacuum was
modeled by a single Gaussian wave packet of negative energy centered around zero momentum.
As a result, the Rabi oscillations occurred between relevant continuum states of negative and
positive energies.

The paper is structured as follows. In Section 2 we introduce the model system focusing on the
relevant energy scales of the pair creation dynamics. In Section 3 we propose to calculate the
laser-induced energy shifts via a time-averaging approach. In Section 4 the drastic impact of the
bound state level shifts on the pair creation behavior close to the threshold is demonstrated. In
Section 5 we show how each of the spectral features of the positrons can be associated with a unique
multi-photon process involving the electron capture into a dressed bound state. In Section 6 we
report on the new coherence transfer phenomenon. We complete this work with an outlook on

future challenges.

2. The model system and its bare energies
In this work, we model the interaction of the quantum vacuum state with the external laser field
and the static electric field associated with a highly charged nucleus by the time-dependent Dirac

equation [21] for the electron-positron field operator ‘¥(r,t). It is given by

indPdt=coa[p—qArt)/c] P+mc? B ¥+ qV(r) ¥ (2.1)

where o = (a1, a2, a3) and [ are the usual set of the four 4x4 Dirac matrices, A and V are the vector

and scalar potentials describing the two external fields, m is the electron's mass and q is its charge.

Here the external laser field is described by a linearly polarized monochromatic electro-magnetic
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field that travels along the x-direction and whose electric (magnetic) field component points along
the y- (z-) direction, given by the vector potential A(x,t) = Ao Cos(mt — kx) ey. For simplicity, we
model the binding force of the nucleus centered at r=0 by a short-range potential well V(x) of
strength Vo. While their chosen space-time dependences can be considered as a perturbative form
of more realistic space-time configurations, their impact of the dynamics is treated "exactly",
meaning the numerical error in all simulations can be well controlled by varying the space-time grid
parameters.

We have chosen to examine this particular field configuration in order to focus solely on
relativistic effects triggered by the combination of the laser's electric and magnetic field
components. In the absence of the magnetic field component of the laser and for small particle

velocities (compared to the speed of light c), the resulting dynamics along the x- and y- direction is
decoupled, as the binding force —qV'(x) ex is chosen perpendicular to the oscillatory electric field
component of the laser Ao w/c Sin(wt) ey.

In our first Figure we have sketched the relevant energy scales of the pair creation dynamics.

Figure 1 Sketch of the relevant bare energy scales, the shape of the binding potential and the three
bound states, which can become populated during the pair creation process.

In the absence of any mutual interaction, there are five energy scales (mc?, Eq, Ep, Ey and 7im)

that are relevant for our dynamics. The first and most obvious scale mc? characterizes the bare
vacuum, which -due to its central importance- is being used from now on as the unit scale for all
energies. Second, the lowest three bound state energies of the binding potential, denoted by Eq, Ep
and Ey (E«<Ep<Ey) depend solely on three parameters, given by the potential's spatial width D, its

spatial turn-on and -off length w, and its depth Vo. This potential is given here as V(x) =
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Vo{-S[(x+D/2)/w] + S[(x—D/2)/w]}, based on two shifted smooth potential steps given by the
famous Sauter Tanh-potential S(x) = [1+Tanh(x)]/2, which has been often used in theoretical pair
creation studies [19, 22-25]. It is attractive for the electron and correspondingly repulsive for the
positron. Due to its short-ranged nature it can support only a finite number of bound states into
which the created electrons can be captured [19,24,25]. Due to the absence of sharp corners, the
spatially smoothed potential is numerically easier to handle for finite space-time grid methods than
a simple box.

The energies of these bound states can be determined numerically from the eigenvalue problem
Ho |E) = E [E), where Ho = ¢ o px + m ¢ B + qV(x) denotes the time-independent part of the Dirac
Hamiltonian in the absence of the laser field. We have assumed the two fermionic momenta along

the y- and z-direction to vanish. For a spatially narrow potential with D = 3.428 A [where A =

h/(mc) denotes the reduced Compton wavelength of the electron], w =0.3 A and Vo= 1.8 mc?, it

supports three bound states with bare energies found at Eo/(mc?) =—0.5, E[3/(mc2) =0.07 and

Ey/(mcz) =0.65. The fifth energy scale, 70, is associated with the energy of the laser's photon,

which we have varied in our numerical simulations between hoo/(mcz) =0.4 and 0.8.

In most calculations of computational quantum field theory, the initial vacuum state is modelled
by the set of negative energy eigenstates of the force-free Dirac Hamiltonian with energies —
(m204+czp2)1/ 2. Each state is then evolved in time and then the corresponding transition matrix
elements between these states and positive and negative energy eigenstates are used to determine
observable quantities such as the positrons' energy spectra or the vacuum decay probabilities
[24,26]. In order to avoid any turn-on effects due to the laser field and to simulate a truly adiabatic
scenario, we have replaced the usual negative energy states with the Volkov states [27-32], i.e.,
with time-dependent solutions to the Dirac Hamiltonian of Eq. (2.1) but with V(x) = 0. As these
Volkov solutions are analytically available, the laser's effect on the continuum states (in the absence
of the binding force) is therefore treated exactly. In order to minimize the effects due to a sudden

turn on of the potential, during the first cycle of the interaction (0<t<2m/m) we have multiplied V(x)
with the smooth amplitude sinz[wt/(2n)]. As we incorporate the dressing effects of the laser onto

the negative energy continuum via the Volkov states, the onset of the vaccum's decay is

characterized by the turn-on of the binding force.
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3. Field induced corrections to the continuum and discrete bare energies

While the energy scales discussed above characterize some aspects of the vacuum decay
process, due to the large required laser intensities for pair creation, the induced level shifts
associated with the full laser-nucleus-vacuum interaction can be quite important even qualitatively.
This is especially true when the lowest bare energy is close to the threshold condition for
pair-creation, i.e. —mc? + 2 h @ = Eq, where the highest lying negative energy continuum states
|p=0) can just barely couple to the potential's ground state under the absorption of two photons.

In the absence of the nucleus, the main effect of the field is an effective dressing on the vacuum
states with negative energies Ep = — [m2 ct+ czpz]l/ 2, leading to an energy shift with regard to the
first bare energy scale mc®. This correction can be modelled by an effective relativistically
increased mass m'. As this effect has been discussed already in the literature [33-37] in sufficient
detail, we just state the final expression Ep(§) = [m*(i)2 ct+ c2p2] 12 where the relativistic mass m*
is given as m*(i) =m(l+ &2/2)1/ 2. We note that this energy shift is not a function of Ao and ®

independently but depends solely on the unitless parameter & = |qAo/(mc?)|. This normalized

amplitude of the vector potential plays a similar role for pair creation as the (inverse of the) Keldysh
parameter [38] does for atomic photoionization in strong fields [39-42]. This scale is also related to

the average (ponderomotive) energy of a free electron or positron in the laser field.
As the ground state energy Eq of the binding field was chosen to be above the negative energy

continuum threshold —mc?, the potential is subcritical and therefore cannot induce any

electron-positron pair creation by itself. In the absence of any laser field, a supercritical nucleus
could only create pairs by itself if Eq < —mc?, i.e., when the bound state has dived into the negative

energy continuum [43].
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Figure 2 (a) The time-dependence of the energy e(t) = (a(t)| H(r,t) |o(t)) for an electron that is initially
in the ground state |o) for the potential used in our calculations (with Vo= 1.8 mc?, w=032% D=
3.428 ), ho = 0.48 me? and £=0.5).

(b) For comparison, we also show e(t) for a much weaker bound and non-relativistic ground state with
energy Eq =0.716 mc?, obtained for a different binding potential with Vo=0.47 mc?, w=0.1%1,D=3
A, ho = 1.0 me? and & =0.5). The dashed and dotted lines are the contributions to e(t) from (Ho) and
—q (a A), respectively.

Due to the interaction with the laser field, the effective energy of the bound states [44,45] can be
shifted. In order to estimate these shifts in a non-perturbative manner, we propose here to
determine their dressed energies by computing the time-dependent energy first, defined by the
expectation value e(t) = (¢(t)| H |¢(t)). Here the quantum mechanical state |¢(t)) is the time evolved
bound state under the Dirac equation with the initial condition |$(t=0)) = |E), where |E) is one of the
three bound states |a), |B) or |y), which satisfy Ho |E) = E |[E). While the main quantum field
theoretical simulations of the vacuum decay have the three bound states initially unoccupied, we
use here simple quantum mechanical calculations, where the bound state is fully populated. In the
absence of the laser field (A0=0), this expectation value e(t) is naturally constant (¢(t)| |Ho |¢(t)) =E,
reproducing the bare state energy. The time dependence of e(t) is the result of the contributions due
to the non-trivial evolution of the state |(t)) involving transitions to other states as well as due to the
laser's periodic behavior e(t) = (¢(t)| Ho |d(t)) — q (d(t)| o A(x,t) |d(t)).

In Figure 2 we have graphed this time dependence for the ground state |a). We find that e(t) is

almost periodic with the laser's period T = 2m/®, which suggests that irreversible transitions can be
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neglected. However, the variations of e(t) with regard to Eq do not average out to zero. In fact, we
propose here that we can potentially use this non-vanishing time-averaged value, defined as
Ea(€,m) = (1/T) JoT dt eq(t), to estimate the dressed energy level shift for each bound state. This

proposal is, of course, similar to the derivation above leading to the effective mass shift for the
Volkov states [27-32].

In order to emphasize that the particular time-dependence of e(t) for our relativistic bound state
|o) is not necessarily generic, we have included in Figure 2b the corresponding energy for a more
weakly bound ground state as well. This time-dependence is qualitatively different as the energy

follows here almost directly the sinusoidal time-dependence of the laser's electric field. However,

in both cases, the overall energy shift (0.0157 mc? for Fig. 2a and 0.0120 mc? for Fig. 2b) is caused
by a relatively larger upward shift of the average of — q (¢(t)| o A(x,t) |¢(t)) (0.0395 mc? and 0.0484
mc?, respectively) than the observed down shifts due to (¢(t)| Ho |$(t)).

In Figure 3 we have graphed the calculated effective energies Ea(&,m), Ep(§,0) and Ey(§,®) of

the three bound states as a function of the scaled laser's amplitude & for two frequencies .
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Figure 3 The three dressed bound state energies E(&,®) as a function of the scaled field strength & for
the laser frequencies w/(mc?) = 0.45 and 0.55. For comparison, we have also included the threshold

shift Ey-0(&) = —m (1 + £%/2)"2 2.
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We see that the dressing increases the effective energies in a monotonic fashion. For example,
for £=1, the ground state energy is shifted up from Eq =—0.5 mc? to — 0.33 mc?, corresponding to a
significant 34% increase. This emphasizes the importance of these energy shifts in the pair creation
regime. For comparison, we have also included the energy of the highest lying negative energy
continuum state, whose energy is shifted down from Ey—0=—m ¢? to Ep-0(§) = —m (1 + £/2)"2 2.
While the dressing of the vacuum state is strictly only a function of the &, the bound state energies
depend also on o separately. However, for the frequency range considered in our work, the data in
Figure 3 suggest only a weak frequency dependence.

We should point out that while these novel calculations of the dressed energy levels are in
principle non-perturbative and therefore differ from traditional derivations of AC Stark-shifts as
common in atomic ionization physics [46,47]. However, our approach has also its limitations with
regard to the laser intensity. The temporal energy average was performed during the first cycle of
the constant amplitude region after its turn on. If the laser intensity is sufficiently large that already
a significant amount of population can be irreversibly transferred to other states, the resulting
time-dependent energy is no longer periodic and the value of this period-average would crucially

depend on during which cycle the average was performed.

4. Threshold shifts due the laser dressing
Including the laser dressing of the vacuum state as well as the bound states, one could

conjecture that the minimal frequency required for the occurrence of the pair creation would

generalize from —mc? + 2 hw = Eq to the dressed form —m*(&) ¢ +2ho= Eo(€,m). As the external

field shifts the ground state energy upward and the upper edge of the negative energy continuum is

shifted downward, the smallest required photon energy might therefore be increased from 7® = (Eq

+mc?)/2 to the larger threshold value

ho = [Ea(E,0) + m*(E) ¢?]/2 4.1
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To test this conjecture, in Figure 4 we have computed the total positron yield after the
interaction with the laser field with & = 0.5 for a continuous range of photon energies. The left most

graph corresponds to a system where the potential's parameters were chosen to support a ground
state at energy Eq = 0.6 mc®. According to the threshold condition based solely on the bare state

energies, we would expect the pair-creation to set in at a minimal photon energy of 7i» =0.2 mc? as
indicated by the arrow. However, the observed energy of i = 0.26 mc? is larger by 30% , as the

result of the two shifts. Here the bare state shifted up by 9.8% (from —0.6 mc? to —0.541 mc?) and

the relevant continuum state shifted down by 6.1% (from —mc?to — 1.061 mcz). Therefore, small

percentage changes in the level energy can lead to drastic relative changes in the required photon
energy. This observed threshold energies matches the predicted one from Eq. (4.1) very well, as
indicated by the vertical reference line. The slight offset to lower photon energies is an interesting
but well-known finite-time effect related to the fact that the inverse of the vacuum decay rate
effectively widens the effective frequency spectrum of the external laser field. This is the same
mechanism that is responsible for the nonzero width of the positrons' energy peak discussed in
Section 5 below. It is similar to the power broadening of the electron energy peak in standard

photo-ionization [48]. The final positron yield grows with increasing interaction time.
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Figure 4 (a) The final number of created positrons after the interaction with the laser field as a
function of the laser's photon energy #iw. The arrow indicates the minimal energy according to the

threshold condition based on the bare energies. The vertical line is the predicted threshold based on
the fully dressed bound state and continuum state energies. The left most curve corresponds to a
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nuclear potential with the bare ground state energy Eq =—0.6 mc?, obtained for Vo = 1.85 mc?,
D=3.885 A, w=0.3 A. The other two curves are for potentials V(x) with higher bare ground state

energies Eq =—0.5 mcz, obtained for Vo =1.8 mcz, D=3.428 A, w=0.3 A and with Eq, =-0.4 mc2,
obtained for Vo = 1.726 mc?, D=3.2 1 and w=0.3 A. The laser amplitude was £=0.5 and the total
interaction time T = 900 A/c.

(b) The dressed energy of the three ground states Eq(Ao,®) as a function of the photon energy %®. The
straight line is the prediction of the threshold energy according to Eq. (4.1), i.e., m*(§) ¢ -2, such

that the crossing with the curve Eq(Ao,®) corresponds to the minimal photon energy for the 2-photon

based pair creation process to occur.
While the final positron yield increases rapidly after the threshold frequency has been exceeded, its
growth reaches its maximum at around z® = 0.3 mc?, after which the final yield begins to decrease.
This is related to the fact that the coupling strength to the ground state decreases with increasing
amount of the (negative) continuum energy. However, the decrease is not related to the frequency
dependence of the dressed ground state energy Eq(E,w) as we display in Figure 4b. In this Figure
we have graphed this dependence, which apparently depends only weakly on ®. Its crossings with

the straight line, given by m*() ¢? — 2fi®, obviously indicates the minimum photon energy required
for the two-photon pair creation process to occur. For photon energies larger than 7w = 0.3 mc?, the

decrease of the yield is not strictly monotonic and evolves first into a plateau region. A similar
finding was already reported in [49], however, for the case of a spatially independent laser field. In
that case it was associated with the interference of several competing decay mechanisms.

To support the universality of the threshold shifts, we have repeated the same simulation for two
different (and more weakly) binding potentials by adjusting their shape, for which the bare ground
state energies are Eq =— 0.5 mc? and Eq =— 0.4 mc?. We find that for all three scenarios the
pair-production sets in at significantly larger photon energies than suggested by their bare energies.
The actual onset is sufficiently accurately determined by the combined energy shifts of the
continuum threshold and the ground state.

In addition to the shift for the threshold due to the laser's intensity and frequency, the presence
of the laser dressing effects on the continuum and bound states should manifest itself also in the

energy spectrum of the created positrons. We will examine this in the next section.

5. Energy spectra of the created positrons
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In this section we will calculate energy distributions of the created positrons and interpret their
features in terms of multi-photon transitions of even-order between the dressed energies discussed
in Sections 3 and 4.

The final state of the created positrons can be described by its distributions with respect to the
final velocities, momenta or energies before or after they have left the laser field. These six
probability densities can be structurally quite different for electromagnetic fields that are so strong
that they can trigger pair creation. In our analysis below, we have focused on the (total) energy
spectra of the positrons inside the laser field as they provide in our opinion the best access towards
a physical interpretation of the various underlying mechanisms [18]. In contrast to the momentum
spectra where the distribution reflects the continuum shifts [20], the positrons' distribution of the
final energy is not affected by these particular shifts. This can simplify our theoretical analysis of
the complicated spectra. Furthermore, similar processes that differ only by the number of absorbed
photons are separated equidistantly on an energy scale.

Traditionally, the initially fully occupied negative energy continuum states are coupled to the
two external fields via the negative charge of the electron and the resulting vacancies are therefore
associated with the created positrons. Equivalently, using charge conjugation symmetry, one can
couple both fields into the dynamics using the positive charge, here our static potential is repulsive
(for the positrons). The resulting energy spectrum of the created positrons pe+(E) can be computed
by projecting each of the time-evolved negative energy Volkov states [N(t)) onto the manifold of
Volkov states |P(E)) with the dressed positive energy E, where E = [m"%c*+c?P?]Y2. The
distribution is given by pe+(E) = ZN |(P(E)|N(t)>|2, where the summation extends over all initial
states. To be consistent, the total number of created positrons is given by the double summation XN
Zp (PE)N()

As the energy spectra are better suited for a theoretical analysis, we will use them from now on.

In Figure 5 we present the energy distribution of the created positrons for a laser field with photon

energy hiow/(mc?) = 0.45 and scaled laser amplitudes & = 0.5 and & =1. We find that the spectra are

rather complicated. But we will argue below that each feature can actually be explained in terms of
multiphoton transitions between the corresponding dressed continuum and discrete states. Here the
energy shifts due to the dressing discussed above are essential for these interpretations.

The enhancement of pair creation manifest by the occurrence of the peaks is caused by the

availability of the discrete energies of the final electronic bound states [49,50] as well as an
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enhanced coupling between the threshold states for positive and negative energy. To better guide
the eye, we have denoted with dashed vertical lines the corresponding predicted positron energies.
There are two types of transitions. The first ones are characterized by processes where the final
electron can be captured in the dressed bound states. For example, we denote with on those
predicted positron energies, where the pair-creation process (involving the absorption of n photons)

is characterized by the capture of the associated electron in the dressed ground state |o). The peak

energies are predicted to occur at o = |[Eq(§) — n Ao |.

In Figure 5a we see that the actual energy (=1.35 mc?) of the observed dominant peak o2
matches perfectly with the prediction |[Eq(€) — 2 Ao | = |-0.46 —2x0.45 | mc?. In fact, any mismatch

would be less than the numerical accuracy of our calculations. Due to the rather long interaction
time (which amounts to 50 laser periods), the peak widths are rather narrow. The quasi-oscillatory
substructures around each peak are likely associated with the fact that the interaction with the

binding force was relatively abruptly turned on (over one laser cycle). The additional peaks,

labelled o4 and aw, are shifted by precisely 2 zim and 4 7o from o2 and therefore correspond to four-

and six-photon processes with an electron capture into the same dressed ground state |o). We also
see clearly the dynamical relevance of the first and second excited states |B) and |y), which can be

reached only under the absorption of at least four and six photons. The observed energies of each of
these four peaks agree again perfectly with the predictions (four lines denoted by P4, Be, y4 and y¢)
based on the dressed energies obtained from the period averaged energy expectation values derived
in Section 3 above. We have used Ep(&§) = 0.097 mc? and Ey(§)=0.6783 mc? as can be read off the

data shown in Figure 3 above.
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Figure 5 Final energy spectra pe+(E) of the created positrons after the interaction of the vacuum state
with a laser field of frequency ® = 0.45 mc?/h and scaled field strength £ =0.5(a) and £ =1 (b). Asa

reference, the dashed vertical lines are the predicted peak positions based on the assumption that the
created electron is trapped in a laser-dressed bound state. The interaction time was 50 laser cycles.

In separate simulations, we found that peak amplitudes (o4 and 4) and (a6 and Be) associated
with the absorption of the same number of photons follow a similar perturbative power law scaling
~ &211 with increasing laser intensity, as expected. However, they also have a remarkably similar
peak height, which suggests that the coupling strengths of the continuum state to the lowest two
bound states are rather comparable.

In Figure 5b we show the positron energy spectra for a larger laser field amplitude & = 1.
Compared to the peak locations for the lower intensity & = 0.5, we find here even more significant

energy red shifts as well as substantial changes in their peak strengths. For example, o2, which was

the dominant peak for all amplitudes & < 0.8, has now shifted to the energy threshold at 1.22 mc?,

showing that (due to a significant energy dressing) the pair creation with electron capture in the

ground state requires now at least 4 photons. We also see that in the same energy range as shown in
Figure 5a, there are now also the 8-photon peaks 3s and yg visible. This perfect match gives again
credence to the validity of method we used to calculate the dressed energies in section 3. Here we

have used Eq(§) =—0.3241 mc?, Ep(§)=0.1917 mc? and Ey(§)=0.7704 mc?, as can be read off the

data shown in Figure 3 above.
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Overall, the spectrum looks rather different from the spectrum for & =0.5. In fact, we even
observe the occurrence of new peaks at positron energies 1.48 mc? and 2.38 mc?, which we have
labelled as c¢ and cg. The physical origin of these 6- and 8-photon peaks is not associated with the

final capture of the electrons in any bound state. The energy locations of these two new peaks are

slightly above the energy difference between the edges of the downward shifted lower energy

(-m*c?) and the upward shifted upper energy (m*c?) continuum states. In other words, we have cn

=—m*c+nho =(-1.061 +n 0.45 ) mc? with n=6 and n=8.

We have to point out that these interesting peaks c¢ and cg do not reflect the beginning of the

solely laser-induced pair creation process, which has been studied widely in the literature. We
remind the reader here that these traditionally studied laser induced continuum-continuum
transitions would require the collision of at least two photons, which are not possible for our chosen
electromagnetic field configuration provided by a plane wave configuration with only a single

propagation direction. The generation of those electron-positron pairs could be modeled for
example by two counter-propagating electromagnetic waves. The occurrence of the two peaks ce
and cg, however, is therefore an interesting consequence of the interaction with the binding
potential. In fact, the absence of these two peaks for a repeated simulation performed for Vo =0

confirms this idea.

6. Autler-Townes split positron energies
For the entire frequency regime 0.45 < i / (mc?) < 0.65 that we studied, all spectral feature can
be explained based on multi-photon transitions between dressed energy levels. For the region

where the energy of two photons roughly matches the bare energy difference between two bound

states, we observe an interesting novel mechanism that can further complicate the positron spectra.
For the parameters of the potential discussed above, the bare energy level differences Ey— Eg=0.58
mc? and Ep—Eq=0.57 mc? suggest that a laser with photon energy zw = 0.55 mc? could lead to

interesting new resonance phenomena associated with Rabi-like transitions [51] of the captured
electrons.

In Figure 6 we present similar positron energy spectra as in Figure 5, but this time for a larger

frequency ® = 0.55 mc?/h. As expected, for the lower laser intensity (§ = 0.5) the date in Figure 6a
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recover the peaks a2, a4, B4 and B¢ at their predicted energies. However, the peaks y4 and ys seem to
have vanished. According to the numerical values of the dressed bound state energies (Eq =
-0.4646 mc?, Ep = 0.0961 mc?, Ey = 0.6814 mc?) for these laser parameters, we would expect that
the corresponding peaks associated with the y4 and y¢, processes to be very close to the locations of
the a2 and a4 peaks. As the corresponding processes require the absorption of two additional
photons, the amplitudes of the y4 and y6 peaks are orders of magnitude less than those of the
corresponding a2 and o4 as already shown in Figure 5. We also confirmed these amplitude
differences in the data obtained for the larger laser frequency ® = 0.65 mc?/h. Therefore, these two

peaks cannot be resolved as they compete with the energy of other more dominant peaks.

100F %) (a) |

1.559

1.0 1.5 20 25 3.0 35
Positron energy E [in mc?]

Figure 6 Final energy spectra of the created positrons after the interaction of the vacuum state with a
laser field of frequency ® = 0.55 mc?/f and scaled field strength £ =0.5 (a)and =1 (b). Asa

reference, the dashed vertical lines are the predicted peak positions based on the assumption that the
created electron is trapped in a laser-dressed bound state.

In Figure 6b we have increased the laser intensity (§ = 1) such that now the amplitude of the two
peaks c¢ and cg that were based on the interaction of the dressed continuum edges are sufficiently
large to be present again. This is very similar to their occurrence as we increased the laser intensity

for = 0.45 mc?/h (as shown in Figure 5). The data in Figure 6b for the larger laser intensity (£ =1)
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indicate an interesting novel feature, the peaks a2 and o4 appear to be split around those values that

were predicted based solely on the level shift analysis in Section 3.

One could first conjecture that this splitting of the positron energy peak is a consequence of the
bound-bound resonance between the lowest two bound states |a) and |B), as after all their energy
spacing happens to be close to the photon energy. From numerous theoretical and also
experimental quantum optical studies, it is well known that Rabi-oscillation between two (or more)
bound states can be understood in terms of Autler-Townes splitting [52] leading to the well-known

Mollow triplet in the fluorescence spectrum [53]. However, to be fully consistent, this particular
mechanism would require that also the corresponding 32 and B4 levels need to be split. However,
neither of the two 3 peaks are actually split and appear precisely at their predicted positions |[Ep(§) —
nhm|=10.2011 —n 0.55] mc? for n=2 and n=4, as indicated by the dashed vertical lines.

It turns out that in our electromagnetic field configuration, where the forces of the laser's
electric field component and the binding force are perpendicular to each other, the direct single
photon coupling between the first excited state |3) and its neighbors |a) and |y) is actually rather
small, while the quasi-resonant 2-photon coupling between |a) and |y) is more important. This
means that the split of the positronic a2 and a4 energy peaks are the result of the resonant 2-photon
Rabi-like transitions between the electronic states |a) and |y). In order to prove the dynamical
relevance of the second excited state |y), we have repeated the same simulation for a weaker binding

force (Vo =1.1 me?, w=032,D=32 A) for which this second excited state |y) is absent, but we
still satisfy the required resonance condition Eg— Eq = Zim. The resulting positron spectra shown in

Figure 7 show that the a lines are indeed no longer split.
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Figure 7 Final energy spectra of the created positrons after an interaction of the vacuum state with a
laser field of scaled field strength & = 1. As a reference, the dashed vertical lines are the predicted peak
positions based on the assumption that the created electron is trapped in a laser-dressed bound state.
Here the binding potential (Vo =1.1 mc?, w = 0.3 A, D = 3.2 1) has only two bound states at energies

Eo= 0.1648 mc? and Ep=0.6682 mc?, which are in close resonance for the chosen photon energy 7

=0.5 mc?.

In order to "re-activate" the |o.) and |B) transition probability, we could modify our external laser
field by permitting the simultaneous collision of two photons. In order to model two

counter-propagating laser beams one could consider the new vector potential given by A(x,t) = Ao/2
[Sin(mt — k x) + Sin(wt + k x)] ey = Ao Cos(k x) Sin(wt) ey, which can be approximated [54,55]

close to the node of the resulting standing wave by a purely time-dependent electric field A(t) = Ao
Sin(wt) ey. The positron spectrum for this different system reveals that here both the a2 as well as

the PB4 lines are Autler-Townes split as expected.

7. Summary and outlook into future challenges

In this work we have studied the electron-positron pair creation process triggered by a laser
field configuration where all photons propagate along the same direction. Normally, due to the
absence of photon-photon collisions, the traditional vacuum decay process cannot occur. However,
the additional presence of a sub-critical binding force triggers the pair production process, in which
the created electron can be subsequently captured by the bound states of the binding field. We have
shown that an accurate description of the laser dressing of the vacuum, represented by negative
energy continuum states as well as dressing of the bound state energies are important to interpret the

energy spectra of the created positrons.
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For the special case where the laser frequency permits a resonant two-photon transition between
two electronic bound states, the resulting positron energy peaks are split, manifesting a novel
coherence transfer effect from the electrons to the positrons. While usually the Autler-Townes
splitting has been measured with regard to the three-peaked fluorescence spectrum [53], it has also
been predicted by P.L. Knight [56] to split photo-electron energy peaks in resonant multi-photon
ionization. It turns out that this coherence effect can also be transferred from one electron to
another electron [57,58]. The coherence associated with resonant oscillations of a deeply bound
inner electron can be transferred to the photoelectron spectrum of the loosely bound outer electron.
This prediction was also confirmed experimentally by L. Di Mauro's group [59] in the two-photon
ionization of calcium. In our case, the possibility of coherent oscillations of the captured electron is
transferred to the positron. As the pair creation process is in principle a multi-particle process, it
might be very worthwhile to examine this effect for those dynamical regimes, where more than just
single electron is captured. In our present approach, the interaction between different electrons is
only provided by the Pauli-exclusion principle, which means that the pair-creation process comes to
a halt if all bound states of the binding potential are fully occupied [60]. This also means that the
simultaneous capture of more than a single electron will have an interesting impact on the resonant
Rabi-oscillations and therefore on the positron spectra. We will devote a future study to this

intriguing question.
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