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Abstract. We generalize the one-electron attosecond streak camera to time-
resolve the correlated two-electron escape dynamics during a collision process
involving a deep core electron. The collision process is triggered by an extreme
ultraviolet (XUV) attosecond pulse (single-photon absorption) and probed by a
weak infrared field. The principle of our two-electron streak camera is that by
placing the maximum of the vector potential of the probing field at the time of
collision, we get the maximum splitting of the inter-electronic angle of escape.
We thereby determine the time of collision.

Differential measurements of fragmentation triggered by extreme ultraviolet (XUV) or x-ray
single-photon absorption have been very successful in unraveling the multi-electron structure
of atoms and molecules. The mechanisms of single photon break-up processes have been
studied extensively in theory and experiment over the past two decades [1]. However, in
conventional photo-ionization experiments, the initial and final states of the fragments are the
only accessible observables. Attosecond technology, on the other hand, provides the tools to
follow correlated particle dynamics in real time [2]. With the advent of laser pulses that last
only a few tens of attoseconds [3], time-resolved measurements of inner shell dynamics have
become conceivable [4].
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Figure 1. (a) A schematic picture of the collision triggered by an XUV pulse at
time ¢ = 0. (b) The probability density for the z momentum component for the 2s
electron for 10eV (top row) and 60 eV (bottom row) excess energy. The sudden
change in momentum Af,, takes place in the time interval between 3 and 5.5 au
for 10eV and 2 au and 3 au for 60 eV.

We generalize the attosecond streak camera [5] to two escaping electrons. Specifically,
we formulate the concept for time-resolving the correlated electron dynamics in the knockout
mechanism [6] (sometimes called ‘two-step-one’) with the primary electron knocking out the
secondary electron in a (e, 2e)-like process.

In the one-electron streak camera [3]—[5], [7]-[9], the asymptotic electron momentum is
modified by the instantaneous laser field at the time the electron is ‘born’ into the continuum.
Measuring the distribution of the electron’s final momentum, we determine the range for the
electron’s ‘moment of birth’. One might expect that an analogous idea, applied to an observable
that measures electronic correlation, can establish the range for the ‘moment of intra-atomic
collision’. Since the angle between the momenta of the escaping electrons—the inter-electronic
angle 6;,—is an established observable for electronic correlation, we rely on 6, for formulating
the principle of the two-electron streak camera.

Figure 1(a) illustrates the concept of our two-electron streak camera, using as a model
system the single-photon absorption from He(1s2s). First, the 1s electron absorbs an XUV
photon with an energy above the double ionization threshold. Then, as the electron leaves
the atom it can collide with the 2s electron and transfer some of its energy, resulting in the
simultaneous ejection of both electrons. We will show that the inter-electronic angle 6;, provides
details of the time scale of the intra-atomic e—e collision.

We choose He(1s2s) as a prototype system to clearly formulate the concept of streaking
two-electron dynamics while avoiding the unnecessary complexity of many-electron systems.
However, the scheme is not system specific. The same scheme could time-resolve, for instance,
the collision between 1s and 2s electrons in the ground state of Li.

The probing in our two-electron streak camera is achieved by the presence of a weak
optical field during the XUV absorption, with both pulses polarized in the same direction. In
the absence of the streaking field the distribution of the inter-electronic angle 6;, peaks around
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a well-defined value characteristic of the photon energy. When the streaking (probing) field is
present, the observable 6, decreases or increases depending on the direction the 1s electron is
emitted with respect to the vector potential of the laser field. The amount of splitting to lower
and higher values depends on the phase of the streaking field. (In the following, photo-electron
refers to the electron that initially absorbs the XUV photon.) We measure the phase of the
probing field with respect to the time the XUV attosecond pulse is applied. If we place the
maximum of the vector potential at the time of collision, we get maximum splitting in 6. This
allows us to identify a characteristic time for the collision.

To test the two-electron camera concept, we employ a three-dimensional classical
trajectory Monte Carlo simulation [10]. Our model [11] assumes that the 1s electron absorbs
the single photon at the nucleus [11]-[15]—an approximation that becomes exact in the
high energy limit. The initial conditions for the secondary electron (2s) are generated using
the Wigner distribution [16] of the 2s hydrogenic orbital restricted on an energy shell. The
energy shell corresponds to the ionization energy needed to remove the 2s electron from
He(1s2s) [13]. To avoid problems associated with electron trajectories starting at the nucleus we
use regularized coordinates [17]. Our propagation scheme fully accounts for all interactions with
no approximations. Previous studies applying this approach on full break-up of three electrons
were found to be in very good agreement with experimental and quantum mechanical results
from the threshold up to intermediate excess photon energies—see [11, 14, 15]. Quasiclassical
techniques have been critical for demonstrating that single-photon break-up of three-electron
atoms occurs via a sequence of two attosecond collisions [13].

Today’s shortest available XUV pulses of 80as [3] have a bandwidth of >20eV. A
transform-limited, Gaussian pulse with 10 as duration would have a bandwidth of >180¢eV. The
two-electron streak camera also operates for these broadband pulses, since in the experiment the
photon energy for each event can be easily determined a posteriori from the sum of the electron
momenta. Hence, it is not necessary to simulate photoelectron energies corresponding to the
bandwidth of real attosecond pulses, and we will restrict our model to two discrete photon
energies to illustrate the difference in ionization timescales for different photon energies. In the
experiment, measuring 6, as a function of the photon energy will provide the complete picture
of the attosecond intra-atomic collision, in analogy to frequency resolved optical gating (FROG)
commonly used to characterize femtosecond pulses [18].

In figure 1(b) we show the classical probability density of the z momentum components
for the 2s electron for excess photon energies, E,,, of 10eV/60eV, where E,; = Exyy — Ip
and /p is the fragmentation energy of He(1s2s). The (e,2e) collision, sketched in figure 1(a),
is clearly traced in the classical probability densities (see [13])—the closest analogue to a
quantum mechanical density. A sudden momentum change as a signature of the collision occurs
approximately between ¢t = 3-5.5au/t = 2-3 au for 10eV/60 eV excess energy. The transfer of
momentum happens much faster with increasing excess energy, resulting in an earlier time of
collision. We show that the two-electron streak camera measures the time, #.,;, when the sudden
momentum change is complete.

The collision between the two electrons is also visible in figure 2 when plotting the
probability density for 6, for 10eV and 60eV excess energies. The sudden increase in 6,
as the two electrons move away from each other and escape from the nucleus is a signature of
the two-electron collision. For the higher excess energy, the change in 6, takes place earlier
and over the same time interval as the change in momentum (figure 1). For very large times, 6,

o0

reaches the asymptotic value of 675 = 135°/105° for 10eV/60 eV. Comparing figures 1 and 2 we
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Figure 2. Probability density of ), as a function of time for photon excess
energy of 10eV (a) and 60eV (b). The sudden change in 6;, takes place in the
time interval between 3 and 5.5 au for 10eV and between 2 and 3 au for 60 eV.
teol & 5.5au/3 au for 10eV/60 eV. At very large times, 6;, reaches the asymptotic
value of 65 = 135°/105° for 10eV/60 eV, respectively.

see that 6y, is a much better observable for streaking than p, because 6, has a much narrower
asymptotic distribution. B

The electric field used to probe the two-electron collision is E = Ej f (t) cos(wt + ¢)Z,
where w is the frequency, ¢ is the phase of the field and f(¢) is the pulse envelope. For
our calculations we use f(t)=1 for 0 <t <2T and f(t) =cos*((t —2T)w/8) for 2T <
t <4T. Time zero corresponds to the time the photon is absorbed from the 1Is electron. In
the experiment, the time zero can be established in the single ionization channel using the
conventional one-electron streak camera [3].

Introducing the weak infrared laser field has two ramifications for the calculation. First, it
requires solving a non-conservative driven three-body Coulomb system, in contrast to the single
photon process where the energy is conserved. Our propagation scheme has been generalized
to account for laser-driven processes [19]. In addition, it breaks the spherical symmetry of
the single-photon process. To account for the latter we slightly modify the initial phase space
distribution along the lines of [20]—we take z to be the axis of polarization of the XUV pulse
and weight the trajectories by a cos? 6, dipole distribution for the photo-electron.

We use a probing infrared pulse with frequency w = 0.0285 au (1600 nm) and strength
Ey=0.007 au/0.009 au (< 3 x 10> W/cm?) for 10eV/60eV excess energy. E, and w are not
critical, except that the pulse should not significantly alter the attosecond collision and it must
have an observable effect on 6;,. The streaking field that we use corresponds to a very small
Ammosov—Delone—Krainov (ADK) tunneling rate [21] and so we ignore tunneling of the 2s
electron. Even if tunneling were important, it could be separated from the double ionization
process by the low kinetic energy of the above threshold ionization (ATI) electrons just as is
done in the single-electron streak camera [7]—[9].

Depending on the phase of the streaking field, the probe pulse can have a major effect on the
asymptotic angular spectrum of the two escaping electrons. As shown in figure 3(b), the probing
pulse causes a clear splitting of the inter-electronic angle around 675 = 135°/105° (see figure 2)
for 10eV/60 eV. The maximum split of 6, occurs for a phase of the field @1y that is smaller
than ¢y = 90°. (¢ is the phase corresponding to the maximum of the vector potential A(¢) at
t =0, where — % —E (1).) Extracting the relevant information from figure 3(b) (see below for
how we do so) we find that A¢ = ¢y — Paclay = 9°/4.5° corresponding to 7., = 5.5au/2.76 au
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Figure 3. (a) The streaking field causes a decrease in 6, when the photo-
electron is launched along the +Z direction, since adding Ap to each of the
electron momenta results in 8;, < 6;5. (b) 6, as a function of ¢ for 10eV/60eV
(top/bottom row) excess energies in the presence of an XUV attosecond pulse
and a weak infrared laser field. A¢ is the shift of the maximum of the vector
potential, corresponding to a maximum of the split of 6}, as a function of ¢.
A¢ =9°/4.5° for 10eV/60eV.

for 10eV/60eV. The collision times we determine from figure 3(b) agree with the collision
times in figures 1 and 2 for both 10 and 60 eV excess energies.

We now develop an analytical model for the split of the inter-electronic angle of escape as a
function of the phase of the field and to show why A¢ gives the collision time. A small change
in the photo-electron momentum has a negligible impact on 6;,. Therefore, we can neglect
the interaction between the weak streaking field and the photo-electron before the collision.
In addition, we assume that the transfer of energy from the 1s to the 2s electron is sudden.
Figures 1 and 2 show that this assumption is only approximately valid. Finally, we assume that
the streaking pulse is zero at t = oo. The change in momentum for each electron due to the
streaking pulse is given by

Ap(@, teo) = —/ E=—E, f(t) cos(wt + )z

o Tcol
EO . A~ e
=— Sin(wteo + )z = — A(wlteo + @). (D)

From equation (1) we see that the momentum change due to the streaking infrared field
is along the positive Z-axis. Ap depends on t., and the phase ¢ of the streaking field. Since
Ap > 0, the effect of the streaking field on the doubly ionizing events is different depending on
the initial direction of launching of the photo-electron. As shown in figure 3(a), if the photo-
electron is launched along the positive Z-axis, then adding Ap to each of the electron momenta
results in 6, < 075, thus accounting for the lower split of 6, in figure 3(b). Similarly, if the
photo-electron is launched along the negative z-axis, then subtracting Ap from each of the
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Figure 4. The double ionization probability as a function of energy sharing
averaged over all phases ¢ when the streaking field is on separately for the
‘double’ and ‘single’ events for 10eV/60eV excess energy. The area under the
‘double’ events is 0.011/0.0084, whereas the area under the ‘single’ events is
0.013/0.0106. The sum of the two contributions is the total double ionization
probability in the presence of the XUV attosecond pulse and the streaking field.

electron momenta results in 6, > 65, thus accounting for the upper split of 6, in figure 3(b).
From equation (1) we also see that the maximum split in 61, occurs at wtcol + Paelay = 90° = ¢y,
resulting in 7., = A¢/w.

In figure 3(b), our numerical results for 6, are obtained including all final energy
sharings between the two electrons. More asymmetric energy sharing corresponds to larger
collision times. Many approaches work equally well for accurately determining .. For
example, one way is a simple fit of our numerical results for 6,,(¢) in figure 3(b) with the
analytic expression for 6}, that one obtains by adding A p(¢, t.,1) to the final electron momenta
(see figure 3(a)).

Our analytical model isolates the physics that underlies two-electron streaking. However,
there remains another important issue. Classical physics has allowed us to select from all the
trajectories that doubly ionize in the presence of the XUV and the streaking pulse only the
trajectories that doubly ionize even in the absence of the streaking field (labeled below as
‘doubles’). We now discuss how one can isolate experimentally the ‘doubles’.

A small fraction of the events that singly ionize due to the XUV pulse involves the photo-
electron exciting the 2s electron to Rydberg states. When the streaking field is subsequently
turned on, it causes a fraction of the Rydberg states to ionize. We label the events that doubly
ionize in the absence of the streaking field as ‘double’. Events that doubly ionize only in the
presence of the streaking field will be referred to as ‘single’. The double ionization probability
due to the XUV pulse alone is 0.011/0.0084 (‘double’ events). When the streaking field is turned
on, the double ionization probability increases to 0.024/0.019 with 0.011/0.0084 contribution

from the ‘double’ and 0.013/0.0106 from the ‘single’ events for 10eV/60eV. These numbers
were obtained by averaging over all phases ¢. There is a phase dependence of the double
ionization probability of ‘singles’ and of their momentum distribution. Although not the focus
of this paper, the ‘singles’ provide an observable that can be exploited to characterize the bound
state electron wavepacket created by the internal two-electron collision.
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‘Single’ trajectories can be separated from the ‘doubles’ if one considers the energy
sharing, %, with €, €, being the asymptotic energies of the 1s and 2s electrons. Figure 4
shows that the ‘single’ trajectories typically have a high asymmetry in their energy sharing.
In contrast, ‘doubles’ have a much smaller asymmetry. By considering only trajectories with
asymmetry in energy sharing less than 0.85/0.95 in figure 4 for 10eV/60eV excess energy, we
separate 64/70% of the ‘singles’ while losing only 9% of the ‘double’ events we want to probe.
If, in addition, we use a cut-off in the inter-electronic angle, without further loss of ‘double’
events, we isolate 70/80% of the ‘single’ events. Both of these procedures for isolating the
‘single’ events are available to an experimentalist.

In conclusion, the two-electron streak camera can be applied to a large class of problems,
1.e., the break-up by single-photon absorption of multi-electron atoms and molecules. These
collision problems have been studied intensively during the last two decades [1]. It is well
established that knockout is the mechanism that dominates for small and intermediate excess
energies, whereas shakeoff dominates for large excess energies [22, 23]. The two mechanisms
are usually separated by energy sharing [23]. The two-electron streak camera paves the way for
time-resolving the knockout part of multi-electron collision processes triggered by a deep core
electron after single-photon absorption. Time-resolving collisions in multi-electron systems are
a problem at the forefront of attosecond science. So far, we have exploited only a fraction of the
information available for the two-electron collision process. Further insight will be obtained by
considering how the inter-electronic angle of escape depends on the energy sharing. Probing the
electronic correlation for different energy sharing could lead to characterizing, to our knowledge
for the first time, the single-photon break-up mechanisms by the timescales involved.
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