




Figure 7.1: Schematic illustration of FID radiation control. (a) A gas of atoms
excited by an XUV pulse emit FID radiation (purple) after the XUV pulse (blue)
has passed. The atoms oscillate in phase orthogonal to the propagation direction
of the excitation pulse (illustrated by the vertical purple lines). Phase matching
creates a well-defined FID beam. (b) The temporal structure of the FID emission
decays over a long time. (c) The phase relation between the excitation pulse and
the FID leads to destructive interference at the detector in the far-field, giving
absorption. (d) An IR pulse (red) that co-propagates with the XUV pulse through
the medium creates a spatially dependent phase shift of the dipoles via the AC-Stark
effect. This phase shift depends on the integrated IR intensity for each atom and
results in a rotation of the wave fronts after the IR pulse. (e) This rotation redirects
the FID emission after the IR pulse. (f)-(g) In the far field this yields an off-axis
emission component as well as an altered on-axis absorption. Reprinted from [43]
with permission.

emitted primarily in the same direction as the excitation pulse and, because it has
the opposite phase, appears as absorption in the XUV spectrum, as demonstrated
in Fig. 7.1 (a)-(c). We can understand how the IR pulse can alter the direction of
FID emission by considering the phase shift imposed on the XUV emission by the
IR. In a single interaction plane (assuming z is the propagation coordinate), we can
express this phase shift as:

∆ϕ(x, y) =

Z

TIR

∆E(x, y, t)

h̄
dt, (7.1)
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where ∆E is the intensity-dependent shift of the energy levels and TIR is the duration
of the IR pulse [79,111,147,149,156,161,189,190]. In a typical transient absorption
setup, the XUV beam is coaxial with the IR beam and spatially much narrower.
This leads to all of the atoms interacting with the XUV pulse experiencing roughly
the same IR intensity, and thus the same phase shift. However, if we break this
coaxial symmetry, but keep the beams collinear, as observed in the beam setup of
Fig. 7.1 (e), then we can set up a situation where some atoms interacting with
the XUV pulse experience large IR intensities (large phase shift) and other atoms
experience small IR intensities (small phase shift). This puts a spatial gradient on
the phase of the induced FID electric field, which leads to the turning of the fields
wavefront and a change in the propagation direction. This is shown in Fig. 7.1 (d)
and (e). In a typical transient absorption setup, this wavefront is unaffected because
the entire field experiences the same phase shift, thus the FID emission travels along
with the excitation pulse.

This turning of the electric field can be intuitively understood as a similar effect
to that of light passing through a prism wedge [191], such as we show in Fig. 7.2.
As is well known, when visible light interacts with a prism wedge, the direction of
propagation is changed. This change in direction is similarly a result of a spatial
phase gradient being put on the electric field. This phase gradient results from the
fact that as the light passes through the wedge, it accumulates a phase proportional
to the thickness of the wedge where the light passed [191]. This means light passing
through thick portions of the wedge will experience a large phase shift and thin
portions will lead to small phase shifts. This inputs a spatial phase gradient across
the electric field after it passes the wedge and results, similarly, in a change in
the direction of the wavefront of the field. Note that the difference in the spatial
direction of the resulting electric field between Fig. 7.2 and Fig. 7.1 (e), which are
both oriented so that the larger magnitude phase shift is towards the top of the page,
is a result of the signs of the phase shifts being opposite. The change in direction
of the wavefront to an imposed spatial phase shift is dependent on the slope of the
phase shift, and not just the magnitude.

Figure 7.2: Illustration of a wedge prism changing the travel direction of light passing
through it.
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While similar to the prism, our technique of using an IR pulse to impose the
necessary spatial phase shift on the FID has a unique difference. When a light
pulse is incident on a prism, the entire pulse will pass through and be redirected,
indiscriminately. That is, at the femtosecond time scale the prism can not be inserted
to redirect some portions of the incident beam and then removed to not redirect
other portions of the beam. However, our direction modulator does allow us to
choose to redirect specific portions of the FID emission, because we can control the
delay between the excitation pulse and the IR. We can thus send an XUV into a
gas of atoms to induce FID, which is initially emitted in the same direction as the
excitation pulse, and then come in with an IR pulse at a later time and redirect
the remainder of the FID in a direction of our choosing. This is demonstrated in
Fig. 7.1 (f), where the FID that occurs before the IR pulse travels in the same
direction as the excitation pulse, but the FID after the IR is sent in a new direction.
Further, we could come along with a second IR pulse at a later time, and cut off the
redirection effect for light emitted after this second IR pulse. This temporal control
is an important aspect of this spatial control technique.

Sending the FID in a different direction than the excitation pulse has multiple
spectral implications that should be considered. First, experimentally, FID and the
excitation pulse end up being measured at the same location on a spectrometer,
meaning that FID emission is usually studied as a change in the spectrum of the
excitation pulse. The excitation pulse thus serves as a kind of background against
which we measure the FID signal, which is problematic for weak signals and/or noisy
backgrounds. However, our technique allows us to spatially separate the excitation
and the FID, meaning that we can study the FID emission in a background-free
setting. This is illustrated in Fig. 7.1 (g), where we now have a Lorentzian emission
signal appearing off-axis from the excitation pulse due to the spatially shifted FID.
Here we also have, on-axis, a much broader absorption line shape than in Fig. 7.1
(c). This is due to the IR delay chosen in (f) allowing a much shorter duration FID
signal to travel in the same direction as the excitation pulse than that shown in
(b). This shorter duration acts an effectively shorter lifetime which, as we observed
in the previous chapter, leads to broader absorption features. By studying these
spectral signals in experiment and theory and how they vary with delay of the IR,
we can show that the off-axis emission has the temporal properties of FID. We will
see this in section 2 and 3.

We refer to this spatial control technique as a background-free resonance-redirecting
opto-optical modulator (BROOM), with which we can effectively sweep FID in a
direction of our choosing. In the next section, we extend our discussion of BROOM
to showing actual experimental results performed by Johan Mauritsson’s group at
Lund University, which demonstrate control of the BROOM technique in argon.
This will allow us to illustrate and investigate many of the effects that we have
previously mentioned.
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7.2 Experimental demonstration of BROOM

The experimental measurements discussed in this section are performed in a tran-
sient absorption setup in argon [143, 147, 150], with the IR and XUV beams fixed
in a non-coaxial geometry. These experiments use a 780 nm IR pulse and an XUV
pulse consisting of the 9th harmonic of the IR. This spectrally centers the XUV
pulse at 14 eV, allowing it to cover resonances with the singly excited 5s (14.09
eV) and 3d (14.15 eV) excited states of argon (recall from Chapter 4 that argon’s
ground state is the 3p state). The duration of the IR pulse is approximately 30 fs
and the XUV pulse is approximately 20 fs. Though the lifetime of the FID from
these excited states is on the order of nanoseconds, we expect the coherence time
to be much shorter than this. However, we still expect this coherence time to be
orders of magnitude longer than the duration of the IR pulses used. This allows
the experiment to send the IR pulse into the gas long after the XUV pulse (> 100
fs), when the only electric field that can be manipulated is that of the induced FID.
This acts as a confirmation method for verifying that the IR is controlling the FID
emission, and not manipulating some other physics going on.

Fig. 7.3 shows the experimentally measured spatial–spectral profile of the XUV
pulse. In (a), we show the no-IR case and we see the resulting FID results in narrow
spectral lines that are slightly more divergent than the rest of the XUV pulse. The
narrowness of these features, as we have discussed throughout this thesis, arises from
the long lifetime of the emission, while the large divergence arises from dephasing

Figure 7.3: Experimental spatial–spectral profile of the XUV pulse (a) No-IR case.
The emission from the 3d state is stronger since it has three times higher oscillator
strength from the ground state compared to the 5s state. (b) An off-centered IR
pulse follows the XUV through argon, and redirected, off-axis emission is seen from
the resonant states states. (c)-(d) Increasing the IR intensity increases the induced
wavefront rotation and thus also the deflection angle. The small broadening and
spectral shift is due to propagation effects. The weak signal near 14.3 eV is due to
higher-lying excited states. Reprinted from [43] with permission.
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of the emission over this lifetime. In (b)-(d), we show the result of sending in a IR
pulse 200 fs after the XUV pulse, with increasing intensity, so that the IR has a
small intensity in (b) and a large intensity in (d). The IR pulse induces a spatial
phase gradient across the induced electric field of the FID due the Stark-shifting
of the atomic energy level. This results in the on-axis signal being terminated and
the subsequent FID signal being redirect off-axis. In the beam setup used for this
experiment, the phase gradient deflects the FID emission downward. As we increase
the intensity of the IR, we observe that the off-axis emission is redirected further
down. This is a result of the larger intensity IR pulse imposing a larger spatial phase
gradient (higher intensity leads to larger phase shifts). In the prism analogy of the
previous section, increasing the intensity of the IR is the same as making the prism
wider, but maintaining its height. As is well known, this acts to increase the slope
of the spatial phase gradient imposed by the prism, and leads to a larger angle of
deflection for incident light.

The delay-dependent spectral properties of the off-axis and on-axis emission have
also been investigated experimentally and are shown in Fig. 7.4. Here the beam
setup has been flipped in order to send the FID emission upward. Also, the IR
intensity and gas pressure have been reduced relative to Fig. 7.3 in order to minimize
spectral reshaping due to propagation effects [161, 162]. In Fig. 7.4 (a), we show
an example spatial–spectral profile for an 800 fs delay between the two pulses, with

Figure 7.4: Delay dependence of the on- and off-axis emission. (a) A spatial–spectral
profile at a delay of 800 fs. The dashed lines show where the off-axis (upper) and
on-axis (lower) line-out is taken. (b) A line-out of the off-axis emission showing
the same spectral width for all delays. (c) A line-out of the on-axis emission for
different delays. The dark dashed lines show the energies corresponding to states
in argon (5s and 3d). With increasing delay the absorption holes become narrower,
and at a delay of 900 fs both states can be fully resolved. Reprinted from [43] with
permission.
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the two boxes marking the regions that we consider for the spectral lineouts in the
off-axis (b) and on-axis (c) cases. In (b), we see that the off-axis emission weakens
as we increase the delay. Intuitively, this is because we send less FID emission
off-axis when the IR pulse comes later. The spectral width of the off-axis feature
remains constant in all three cases shown, as this depends on the decay time of the
emission, which is independent of the IR delay. However, the spectral width on-axis
is strongly influenced by the delay. As we mentioned, this is because killing the
on-axis signal imposes an effective lifetime on this feature and broadens it. While
the off-axis emission at the resonant energies is observable for all delays, the on-axis
emission is only observable as absorption peaks (since the FID is out of phase with
the excitation pulse) at the largest delay.

Experimentally, these are brilliant demonstrations of the BROOM technique
and that the off-axis emission generated by the BROOM technique results from the
FID emission. These results are limited to the spectral domain, as experimentally
measuring the time profile in these experiments can be fairly complicated [192]. This
time profile can be achieved much easier in our theory calculations. In the next
section, we discuss how we can model BROOM using the macroscopic numerical
techniques that we have discussed in this thesis. We then extend these techniques
to investigate the temporal profile of the off-axis emission, as a function of XUV-IR
delay, and demonstrate directly that the off-axis emission arises from the FID that
occurs during and after the IR pulse interacts with the medium.

7.3 Theoretical investigation of BROOM

Note that the numerical techniques we discussed in Chapter 5 explicitly assumed
a radially symmetric geometry [164], whereas we have currently only discussed
BROOM as occurring in a non-radially symmetric geometry (non-coaxial beams).
However, experimentally, this non-coaxial geometry is required because the XUV
beam is always spatially narrower than the IR beam and in a coaxial geometry, this
leads to it being very hard to get a large phase shift on the atoms interacting with
the XUV. In our calculations, we can maintain a radially symmetric geometry by
modeling the XUV beam as being as spatially broad as the IR (same Gaussian beam
waist size). This results in the atoms interacting with the XUV pulse experienc-
ing the entire range of IR beam intensity (ranging from a large IR intensity in the
center of the beam to a weak IR intensity at the edges), inducing a spatial phase
gradient. This spatial phase gradient, however, is now radially symmetric unlike
the experimental setup. This means that instead of sending the FID off in a single
direction, we send it off-axis in a symmetric halo around the shared axis. For the
work shown in this section, we use a helium pseudopotential, a 770 nm, 30 fs IR
pulse, and a 20 fs XUV pulse resonant with the 2p (21.1 eV) state of helium. On
the FID from this state, we input a decay lifetime of 360 fs. Further, to simplify
the calculations, we solved the coupled TDSE-MWE for a single plane of atoms
and then transformed the resulting electric field into the far-field and considered the
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Figure 7.5: (a) Calculated, azimuthally integrated, spectral intensity for an XUV
pulse centered on the 2p excitation energy of helium, with an XUV-IR delay of
13 fs. Note that black is saturated above the maximum. The purple dashed lines
show where the off-axis (upper line) and on-axis (lower line) line-out is taken for
(b) and (c), respectively. The white dashed line shows the lower boundary of what
we consider to be the off-axis emission signal analyzed in (d). (b) A line-out of the
off-axis emission showing the same spectral width for all delays. (c) A line-out of the
on-axis emission for different delays. With increasing delay the profile approaches
the no-IR case and the absorption line shape narrows. (d) The radially averaged
near-field time profile of the off-axis emission for different delay. In these time profile
calculations, the XUV pulse was centered at t = 0, and the IR pulse is centered at
the given delay. Reprinted from [43] with permission.

azimuthally integrated result.
In Fig. 7.5 (a), we show the resulting far-field spatial–spectral profile for an

IR pulse delayed by 13 fs from the XUV pulse and we indeed see a strong off-
axis emission feature. We do not show it here, but we find that generally this
off-axis emission has a nice quantitative agreement with the experimental results
of the previous section, in that if we increase (decrease) the intensity, then the
radial extent of the feature also increases (decreases). Further, this off-axis emission
feature only occurs in our calculations when the IR pulse temporally overlaps the
XUV pulse, or arrives after it. In Fig. 7.5 (b) and (c), we also find good quantitative
agreement with the experiment between the delay-dependent behavior of the off-
axis and on-axis emission features. That is, we observe the off-axis emission feature
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grows weaker with increased delay, but maintains a Lorentzian shape and a constant
spectral width, while the on-axis feature grows spectrally narrower at longer delays,
and approaches the no IR pulse case at very long delays (not shown). This all serves
to indicate that our theoretical setup has probed the same physical phenomenon
(BROOM) as the experiment, despite the different geometric approach to getting
the spatial phase gradient to occur. It also serves to indicate the robustness of the
BROOM technique to different geometries.

This theoretical framework provides us with a way of directly testing the idea
of BROOM controlling the FID. We do this by calculating the far-field spatial–
spectral profile and spatially selecting the off-axis emission. In Fig. 7.5 (a), this
corresponds to emission occurring at radii larger than the dashed white line. We
then transform this emission back to the near-field and radially integrate the result.
For normalization purposes, we subtract the time profile when no IR is present,
allowing us to directly access the time profile of the off-axis emission resulting from
the IR-induced spatial phase gradient. We show in Fig. 7.5 (d) as a function of delay
between the XUV and IR. For a 13 fs delay (black curve), the time profile of the off-
axis emission demonstrates the expected dipole response, showing a linear response
to the excitation pulse until the end of the XUV (at t=25 fs), and then a long FID
tail. As we increase the delay between the two pulses, the time profile of the off-
axis emission shifts increasing later in this dipole response, always beginning around
the temporal peak of the IR pulse, where the maximum Stark-shift will occur. This
demonstrates very thoroughly that the off-axis emission from the BROOM technique
results from controlling the emission direction of the FID.

7.4 Summary

In this chapter we have discussed BROOM, a new technique that we have developed
for spatially controlling the FID of atoms in a macroscopic medium. In doing this,
we have shown that an IR pulse can be used to induce a spatial phase gradient
over a gas of excited atoms, and control the direction of FID emission, not unlike
the ability of a wedge prism to redirect light. We have directly demonstrated this
control in two different beam geometries, non-coaxial in our experimental results and
coaxial in our theory results. We have also shown, in both experiment and theory,
that separating the FID and the excitation pulse drastically changes the absorption
line shape of the XUV pulse. This serves as nice evidence for the field picture of
absorption that we have discussed in previous chapters. While this technique is
still new and work is being done to better understand it, it has has many potential
benefits. These benefits run the gamut from simply allowing us to study FID free
of an excitation background signal, to potentially serving as a modulator in a free-
electron laser, with the possibility of increasing XUV-IR pulse synchronization in
these light sources to the femtosecond precision level [42,43].
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