1144

RESEARCH ARTICLE

Steering Attosecond Electron
Wave Packets with Light

R. Kienberger,' M. Hentschel,” M. Uiberacker,! Ch. Spielmann,'2
M. Kitzler," A. Scrinzi,’ M. Wieland,® Th. Westerwalbesloh,*
U. Kleineberg,* U. Heinzmann,* M. Drescher,* F. Krausz'*

Photoelectrons excited by extreme ultraviolet or x-ray photons in the presence
of a strong laser field generally suffer a spread of their energies due to the
absorption and emission of laser photons. We demonstrate that if the emitted
electron wave packet is temporally confined to a small fraction of the oscillation
period of the interacting light wave, its energy spectrum can be up- or down-
shifted by many times the laser photon energy without substantial broadening.
The light wave can accelerate or decelerate the electron’s drift velocity, i.e.,
steer the electron wave packet like a classical particle. This capability strictly
relies on a sub-femtosecond duration of the ionizing x-ray pulse and on its
timing to the phase of the light wave with a similar accuracy, offering a simple
and potentially single-shot diagnostic tool for attosecond pump-probe

spectroscopy.

Interaction of intense laser light with a free
electron in the vicinity of an atom has been
found to give rise to a series of side bands in
the electron energy spectrum (/—4). The side
bands are a manifestation of the absorption
and emission of a discrete number of photons
by the electron. In the specific case of the free
electron arising from photoionization by an
extreme ultraviolet or x-ray photon, the elec-
tron energies are spread due to simultaneous
absorption and emission of laser photons
without causing any appreciable change in
the electron’s average drift velocity (5-7).
We demonstrate that temporal confinement
of the photoelectron wave packet to a small
fraction of the half wave cycle of the inter-
acting laser light, i.e., to less than 1 femto-
second (1 fs = 107!5 s), and its timing to the
light phase with similar precision allow light
to substantially change the electron’s drift
velocity.

The temporal structure of the photoelec-
tron wave packet is determined by that of the
ionizing radiation. We produce a soft x-ray
(henceforth briefly x-ray) burst by high-order
harmonic generation in an atomic gas (8, 9)
and control its temporal extension by spectral
bandpass filtering and by varying the inten-
sity of the few-cycle 750-nm driver laser
pulse (pulse duration: 7, = 7 fs, wave period:
T, = 2.5 fs). Selecting the highest photon-
energy (“cut-off”) radiation from the har-
monic spectrum results in an isolated sub-
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femtosecond x-ray pulse (9). Using this x-ray
pulse to ionize an atomic gas in the presence
of a strong few-cycle light field, we demon-
strate that the photoelectron spectrum can be
up- and downshifted by many times the laser
photon energy and by many times the time-
averaged oscillatory energy of the electron in
the laser field.

The shift of photoelectron energy by up to
tens of electronvolts tumns into a spread of elec-
tron energies over a similar range, if either the
duration of the x-ray pulse or its timing jitter
becomes comparable to or longer than T,/2,
which provides a simple and sensitive attosec-
ond diagnostic tool (10, 11). Our experiments
yielded evidence for isolated sub—0.5-fs x-ray
pulses emerging with a timing stability to with-
in 0.2 fs with respect to the phase of the
driving light from few-cycle—driven high har-
monic generation. The x-ray pulse is found to
emerge near the zero transition of the laser
electric field. The light-induced energy shift of
the photoelectron wave packet excited by this
x-ray pulse scales linearly with the instanta-
neous electric field amplitude up to field
strengths in excess of 108 V/cm, allowing direct
and accurate measurement of the electric field
strength of intense laser light as well as moni-
toring of the stability of the absolute phase of
few-cycle light pulses. Previous attosecond
time-resolved studies required measurement
of electron energy spectra for a number of
different delays between the x-ray pump
pulse and a visible probe laser (8, 9, 12). By
contrast, the approach presented here pro-
vides access to the key characteristics of an
attosecond sampling (pump-probe) apparatus
consisting of a sub-fs x-ray pulse and a few-
cycle visible light pulse (/3) without any
external delay between the two pulses which
can be implemented—in principle—in a sin-
gle laser shot.

Strong Electron-Light Coupling

Energy exchange between light and an elec-
tron is most efficient if the electron is moving
along the electric field vector of linearly po-
larized radiation. We studied the electrons
emitted in this direction (/). In a semiclas-
sical treatment, the electron is detached by
absorption of an x-ray photon of energy
fiw from an atom and released with an initial
energy of W, = mv*/2 = ho, — W, in the
direction of the electric field E (f) =
E_ (f)cos(w t + @) of the light pulse. Here, o,
and w; stand for the x-ray and light frequen-
cy, respectively; W, is the electron’s atomic
binding energy; E,(f) represents the ampli-
tude envelope of the light pulse; and the
phase ¢ adjusts the carrier wave’s timing to
the envelope, which has been referred to as
absolute or carrier-envelope phase.

Solution of the classical equation of mo-
tion in the adiabatic limit, dE (f)/dr <<
E, ()., and in the dipole approximation
(the electron remains localized within a
fraction of the wavelength during the inter-
action) yields the final velocity v, = v, +
[eE,(t)/m w ]sin(w t. + ¢). Energy gain
or loss is maximal for release times at
which E;(t) = 0, ie., wt, + ¢ = w/2 +
mm, resulting in the minimum and maxi-
mum final electron energy of W, = W, +
2U(t) * AW for m as an odd or even
integer, respectively. Here, AW =
[8W,U,(¢)]"? and U, < W,/2 has been
assumed. Furthermore, U (t,) = €’E(t,)/
4m.w,? is the electron’s quiver energy av-
eraged over an optical cycle and, hence,
AW « E (t). If U, << W, the energy shift
is dominated by AW and is therefore lin-
early proportional to the laser electric field
strength. For a large initial velocity along
the laser polarization (m_v,%/2 >> hw, ), this
energy gain or loss may far exceed the laser
photon energy even for moderate field
strengths characterized by U, < #w . The
momentum transfer associated with this en-
ergy exchange permits efficient steering of
the electron’s drift motion (/4). Why could
this light-control of electronic motion not
be observed experimentally until now (15)?
An obvious reason is the lack of sufficient-
ly accurate and reproducible timing of the
instant of release to the phase of the light
field. If an x-ray pulse with a temporal
extension comparable to or longer than T,
excites the atom, the electron’s release can-
not be timed to any specific phase of the
light field.

We have used a quantum mechanical
treatment (//) to analyze photoelectron mo-
tion in the laser field for ionizing x-ray pulses
with durations ranging between 7, > T, and
7, << T, and timed to ensure maximum
energy gain from the light field in the limit of
7, K T, (Fig. 1A). The relevant parameters
of the interaction are given in the caption of
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Fig. 1. The narrow spectral peaks that are
spread over a range of 2AW for 7, = T,
gradually disappear as 7., the full width at
half maximum (FWHM) of the intensity pro-
file of the wave packet, is shortened to less
than T,/2. For 7, < T,/5, they turn into a
single smooth spectrum upshifted by AW.
This behavior occurs regardless of whether
temporal broadening of the electron wave
packet is caused by spectral narrowing or by
spectral phase modulation (Fig. 1, B and C,
respectively). Strong electron-light coupling
(high v, parallel to E;) along with sub-T,/5
temporal confinement is predicted to give rise
to a striking nonlinear optical effect: low-
order transitions (absorption or emission of a
single or a few photons) can be completely
“switched off” upon simultaneous activation
of a high-order transition (Fig. 2). We dem-
onstrate this phenomenon experimentally
and address its implications for attosecond
metrology.

Controlling the Duration of
Photoemission

The temporal extension of the electron
wave packet can be affected by shaping the
ionizing x-ray pulse. The briefest emission
of extreme ultraviolet or x-ray radiation has
so far been demonstrated by the generation
of high-order harmonics of intense femto-
second light pulses in an atomic gas (/6,
17). High-harmonic radiation driven with
sub—100-fs laser pulses typically lasts a
few tens of femtoseconds (I8, 19) and ex-
hibits a quasi-periodic substructure of at-
tosecond spikes at the highest (cut-off) har-
monic photon energies (/2, 20). The spec-
trum of this radiation consists of discrete
lines at odd multiples of the laser frequency
as a spectral manifestation of temporal pe-
riodicity with a period of T,/2. In the ab-
sence of a notable frequency dependence of
the spectral phase, the overall emission
time is related to the line width of the
individual harmonics, whereas the duration
of individual spikes is determined by the
overall spectral width of the band of lines
filtered out of the harmonic spectrum. The
cut-off harmonics of a few-cycle light pulse
were predicted to merge into a continuum,
forming an isolated sub-femtosecond pulse
(21-24). This was confirmed in a recent
experiment (9). We demonstrate that the
transition from a quasi-periodic emission
with a temporal extension = T, to a single-
pulsed sub-femtosecond emission can be
continuously controlled with the pump in-
tensity in a few-cycle—driven high-harmon-
ic source.

Figure 3 depicts high-harmonic spectra
emitted from a neon gas source pumped by
7-fs, 750-nm linearly polarized laser pulses
(8, 9, 25) for a range of laser peak intensities.
For the highest peak intensity the spectrum
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consists of well-resolved harmonic lines.
Their line width implies an emission time
of =T, ie., the appearance of at least a
couple of satellite pulses spaced by 7/2 from
the main pulse. Reducing the pump intensity
results in harmonics merging to a continuum
within the high-reflectance band (85 to 100
eV) of our Mo/Si multilayer (dashed line in
Fig. 3), implying emission in a single pulse of

potentially sub-femtosecond duration. The
continuum portion of the few-cycle—generat-
ed harmonic spectrum is predicted to origi-
nate from driver pulses with ¢ =~ 0 or m,
which give rise to a substantially higher peak
tunneling current and, hence, dipole acceler-
ation in the cut-off region as compared to
¢ ~ *m/2 for laser pulse durations approach-
ing T, (13, 23, 24).
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Fig. 1. Computed energy dis-
tributions of 2p photoelec-
trons detached from neon at-
oms (W, = 21.5 eV) by a
93-eV, soft x-ray pulse in the
presence of a strong 7-fs,
750-nm few-cycle light pulse
for different x-ray pulse du-
rations T, (contour plots; the
electron yield increases from
the blue to the red) using the
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quantum theory presented in
(77). The electrons are de-
tected within an infinitesi-
mally small cone with its axis
aligned parallel to the electric
field vectors of the linearly
polarized x-ray and laser
fields (A). The x-ray pulse is
timed to peak at the zero
transition of the laser electric
field. The duration of the
Gaussian x-ray pulse has
been varied by changing the
spectral width (B) or by im-
posing a quadratic phase of
variable magnitude on the
spectrum (C). The white
dashed line at W, = Ao, -
W, = 71 eV indicates the
position of the peak of the
photoelectron spectrum in
the absence of the laser field.
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Fig. 2. Influence of a strong, linearly polarized laser field on the final energy distribution of
x-ray-induced photoelectrons detected along the laser polarization as a function of the x-ray pulse
duration Ty relative to the wave cycle of the laser T,
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Acceleration of Electron Wave Packets
with Light

The harmonic beam and its pump laser
beam propagate collinearly down a 2-m-
long evacuated beamline to hit a concave
spherical Mo/Si multilayer mirror (radius
of curvature, 7 cm) at near normal inci-
dence. The mirror has high reflectivity
within a 15-eV band centered at 93 eV (see
dashed line in Fig. 3) and over the entire
spectrum of the sub—10-fs laser pulse, and
it focuses the two collinear beams into a
neon gas jet effusing from a metal-coated
glass tube (inner diameter, 50 wm). The
laser pulse intensity was restricted to values
insufficient for laser-induced ionization.
The photoelectrons produced by x-ray pho-
tons were collected within a narrow cone
aligned parallel to the laser and x-ray po-
larization. The detection cone was defined
by the S5-cm-diameter microsphere-plate
detector placed 40 cm from the neon target
to allow a time-of-flight analysis of the
photoelectrons. The x-ray beam spot size in
the target was more than an order of mag-
nitude smaller than that of the laser beam,
ensuring that all the x-ray photoelectrons
were exposed to the same light field.

Before hitting the Mo/Si mirror, the
beams are passed through an aperture of ad-
justable diameter (iris), which was used for
fine adjustment of the laser pulse intensity in
the neon target. The iris selected near-axis
rays within a diameter of =3 mm of the laser
beam of several centimeters in diameter. The
transmitted laser beam had a nearly flat-top
intensity profile, implying a quadratic and
linear scaling of focused intensity and electric
field E, , respectively, with transmitted pulse
energy in the photoionization region. By
varying the iris diameter and monitoring the
transmitted pulse energy, we could therefore
accurately control relative changes of E| in
the interaction volume.

Figures 4 and 5 display electron energy
spectra as a function of the measured relative
change of E, in a false-color representation.
In the absence of a light field, the photoelec-
tron energy spectrum (lowest plot on the right
of Fig. 5) mimics that of the x-ray pulse
downshifted by the ionization potential of
neon (W, = 21.5 eV). Figure 4 reveals a
spread of electron energies rapidly increasing
with increasing laser field strength when pho-
toionization is performed using a train of
x-ray pulses with spectrum a in Fig. 3. The
data depicted in Fig. 5 have been collected
with x-ray pulses having a continuous spec-
trum. In contrast to the behavior shown in
Fig. 4, with increasing field strength the elec-
tron energy spectrum is upshifted as a whole
without a dramatic distortion of its shape.
This indicates that the x-ray pulse is of sub-
femtosecond duration and is emitted at the
zero transition of the driving laser electric

RESEARCH ARTICLE

Fig. 3. High-order harmonic spec-
tra emitted from a 2-mm-long,
110-mbar neon gas source ex-
posed to linearly polarized 7-fs,
750-nm laser pulses with peak in-
tensities given in the figure.
Dashed line, reflectance curve of
the broadband Mo/Si multilayer
mirror used to select radiation for
the photoionization experiments,
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Fig. 4. Photoelectron spectra generated at different light field strengths by a sequence of
sub-femtosecond soft x-ray pulses. The peak intensity of the laser pulse driving the harmonics was
adjusted to 650 to 700 TW/cm? to produce a discrete harmonic spectrum (see Fig. 3) within the
range of 85 to 100 eV with a duration of the pulse train of =T,

field from the harmonic source (26), in ac-
cordance with numerical simulations (9). The
simultaneous appearance of an up- and down-
shifted spectral feature is the consequence of
pump pulses with ¢ =~ 0 and ¢ ~ T contrib-
uting to the electron spectra accumulated
over many laser shots, i.e., of the lack of
phase stabilization of our sub—10-fs laser
pulses.

Figure 5 reveals the linear dependence of
the energy shift on E, corroborating the
prediction of our simple classical analysis.
The measured spectra can be well reproduced
by simulating the electron wave packet as a
classical ensemble of electrons distributed
across initial energies and release times
whose motions are governed by the laws of
classical physics. Approximating the initial
energy distribution with a Gaussian function
(bottom red line in Fig. 5) and assuming a
bandwidth-limited x-ray pulse (7, ~ 0.2 fs)
that peaks at E; (¢,) = 0, the classical and the
quantum analysis delivers results (central and
upper red lines in Fig. 5) in good agreement
with the spectra measured for different
strengths of E_(z). Attosecond confinement
appears to mask quantum effects in the inter-
action of electrons with light.

Attosecond Diagnostics

The generation of isolated sub-femtosecond
x-ray pulses synchronized to a strong few-
cycle light pulse (9) opens up a route to
time-resolved  (pump-probe) inner-shell
atomic spectroscopy by using the x-ray pulse
as a pump and the light pulse as a probe (/3).
Indispensable to the routine application of
this new tool is a reliable, simple, and fast
diagnostic test of its key characteristics.
These include the strength and phase-stability
of the few-cycle probe field, the timing jitter
between the x-ray pulse and light wave, and
the duration of the x-ray pulse. The sensitiv-
ity of the energy spectrum of the x-ray—
induced, light-accelerated photoelectrons to
these parameters makes it an ideal diagnostic
tool for attosecond spectroscopy.

Strength and phase stability of the few-cycle
probe light field. Because of the favorable tim-
ing of the sub-femtosecond harmonic pulse to
its few-cycle driver, which satisfies E, (r) =~ 0,
the photoelectron energy shift in Fig. 5 directly
probes the instantaneous electric field ampli-
tude E,(¢,) with an accuracy of better than 10%.
This provides direct experimental access to the
peak electric field strength of an intense light
pulse. Moreover, the light-accelerated electron
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Fig. 5. Photoelectron spectra generated at different light field strengths by an isolated sub-
femtosecond x-ray pulse. The peak intensity of the laser pulse driving the harmonics was adjusted
in the range of 400 to 450 TW/cm? to generate a continuous harmonic spectrum in the 85- to
100-eV spectral range (Fig. 3). £,(t,) has been evaluated from the observed energy shift. The
bottom red line is the model x-ray spectrum (downshifted by the electron binding energy of 21.5
eV ) used in the simulations resulting in the central and upper red lines for bandwidth-limited 0.2-fs
(solid lines) and 0.5-fs soft x-ray pulses carrying a quadratic spectral phase (dashed lines).

proves a sensitive probe of the absolute-phase
stability of intense few-cycle light. If ¢ is firmly
locked to zero, the photoelectrons would be
exclusively accelerated (with the convention of
E, > 0 implying a field vector that points
toward the electron detector). This would imply
a disappearance of the downshifted spectral
feature, offering a reliable diagnostics of
the phase stability of intense few-cycle
pulses (27) for future phase-stabilized
systems.

Timing jitter between the x-ray pulse and
the probe light phase. Jitter affects the tem-
poral resolution to the same extent as T, and
T, (13); therefore, its measurement is imper-
ative for attosecond spectroscopy. The peri-
odic harmonic structure can be perceived in
several downshifted spectra (28), e.g., in the
central plot in Fig. 5 (the structure tends to
get blurred in the upshifted features because
of time-of-flight resolution worsening for in-
creasing electron energy). Resolving the har-
monic structure in energy-shifted spectra re-
sults in an upper limit of =10% of the energy
shift on smearing of the electron spectrum
(accumulated over many laser shots) due to
fluctuations in E, () by either laser intensity
variations or x-ray pulse timing jitter. This
yields a shot-to-shot timing stability of the
x-ray pulse to the phase of its few-cycle
driver of better than 0.2 fs (29).

X-ray pulse duration. Figures 4 and 5 con-
firm that the energy spectrum of the light-
accelerated x-ray photoelectron responds sensi-
tively to temporal broadening of the ionizing
x-ray pulse. Although a conspicuous energy
spread is predicted to come into play only as T,
becomes longer than 7,/3 (Fig. 1C), a consid-
erable narrowing of the energy-shifted spectral
feature already sets in for 7, > T,/10. We
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calculated the light-accelerated photoelectron
spectra for chirped x-ray pulses by assuming a
quadratic as well as higher-order spectral phase.
The root-mean-square deviation of the calculat-
ed spectra from the measured ones was a min-
imum for near-bandwidth-limited pulses of
T, =~ 0.2 fs (solid red lines in Fig. 5) and was
increased by more than a factor of three for
chirped pulses with 7, = 0.5 fs (30). Consider-
ing the minor role of spectral smearing effects,
our analysis yields a safe upper limit of T, = 0.5
fs for the x-ray pulse duration.

Conclusions

Photoelectron wave packets excited by an x-ray
pulse within a time interval of several hundred
attoseconds can be efficiently accelerated or de-
celerated by the electric field of light. The sen-
sitivity of the final energy distribution of the
electron to (i) the strength and (¢ dependent)
sub-cycle evolution of the light field, (ii) the
timing of the x-ray pulse with respect to the light
phase, and (iii) the sub-femtosecond temporal
structure of the x-ray pulse permits reliable mea-
surement of the key parameters of an attosecond
pump-probe apparatus based on a sub-femtosec-
ond x-ray pulse synchronized to a strong few-
cycle light wave (13). These measurements con-
sume orders of magnitude less time and can be
performed with a much simpler apparatus as
compared to the previous implementation of
time-domain attosecond metrology (9). The sub-
stantially enhanced electron yield and larger
variation of the electron spectrum owing to de-
tection parallel to the x-ray and laser polariza-
tion (11), respectively, hold out the promise of
sub—100-as resolution in the measurement of
the x-ray pulse duration and timing jitter. How-
ever, the potential of this attosecond diagnostics
can be fully exploited only with phase-stabilized

few-cycle light. With ¢ stabilized, both the frac-
tional energy carried by possible satellites (/1)
and the chirp (/0) of the sub-femtosecond x-ray
pulse can be determined. Accurate chirp mea-
surements will be a key to the reliable genera-
tion of sub—100-as x-ray pulses.
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developed under the guidance of T. Brabec. The trans-
mission-grating x-ray spectrograph was provided by
T. Wilhein and by G. Schmahl. The computer-con-
trolled data acquisition system was significantly im-
proved by M. Hornung. We had illuminating discus-
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Imaging Quasiparticle
Interference in Bi,Sr,CaCu,Og4_ ;

J. E. Hoffman," K. McElroy," D.-H. Lee,"® K. M Lang,"?
H. Eisaki,>** S. Uchida,® ). C. Davis'®*

Scanning tunneling spectroscopy of the high-T_ superconductor Bi,Sr,CaCu,O, 5
reveals weak, incommensurate, spatial modulations in the tunneling conductance.
Images of these energy-dependent modulations are Fourier analyzed to yield the
dispersion of their wavevectors. Comparison of the dispersions with photoemis-
sion spectroscopy data indicates that quasiparticle interference, due to elastic
scattering between characteristic regions of momentum-space, provides a con-
sistent explanation for the conductance modulations, without appeal to an-
other order parameter. These results refocus attention on quasiparticle scat-
tering processes as potential explanations for other incommensurate phenom-
ena in the cuprates. The momentum-resolved tunneling spectroscopy demon-
strated here also provides a new technique with which to study quasiparticles

in correlated materials.

In an ideal metal, the Landau-quasiparticle
eigenstates are Bloch wavefunctions charac-
terized by wavevector k and energy €. Their
dispersion relation, 8(%), can be measured
with momentum-resolved techniques such as
angle-resolved photoemission spectroscopy
(ARPES). By contrast, real space imaging
techniques, such as scanning tunneling mi-
croscopy (STM), cannot be used to measure
e(7c). This is because the local-density-of-
states LDOS(E) spectrum at a single location
7 is related to the k-space eigenstates s, (f) by

LDOS(E,7) = 2| W) [28(E — ek)) (1)
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and substitution of a Bloch wavefunction into
Eq. 1 shows LDOS(E) to be spatially
uniform.

When sources of disorder such as impuri-
ties or crystal defects are present, elastic scat-
tering mixes eigenstates that have different k
but are located on the same quasiparticle
contour of constant energy (CCE) in i -space.
When scattering mixes states 7(1 and 7(2, an
interference pattern with wavevector g = 7{2
- 7(1 appears in the norm of the quasiparticle
wavefunction and LDOS modulations with
wavelength A = 27/Il appear. These phe-
nomena can be observed by STM as modu-
lations of the differential tunneling conduc-
tance, which are often (imprecisely) referred
to as “Friedel oscillations.” STM studies of
such conductance modulations have allowed
the first direct probes of the quantum inter-
ference of electronic eigenstates in metals
and semiconductors (/-5).

The Bogoliubov-quasiparticles in a Bard-
een-Cooper-Schrieffer superconductor are
also Bloch states but with dispersion

E. (B)== e(k? + A(k)? (2)

where M(})l is the I;-dependent magnitude
of the energy gap at the Fermi surface (CCE
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for e(l‘c) = 0 in the normal state). Elastic
scattering of Bogoliubov-quasiparticles can
also result in conductance modulations. Qua-
siparticle standing waves have been imaged
by STM in the conventional superconductor
Nb (6) and in the CuO chains of YBCO (7).
For the cuprates in general, it has long been
proposed that conductance modulations due
to quasiparticle scattering should occur, and
that both the homogeneous electronic struc-
ture and superconducting gap anisotropy
could be extracted from measurement of their
properties (8).

When LDOS modulations are detected
by STM in a given sample, certain CCE in
l‘c-space can be reconstructed by analyzing
the Fourier transform of the real-space
LDOS(F) image (3, 9, 10). This is poten-
tially a powerful technique because, for any

(m,0)

Fig. 1. (A) A perspective view of the supercon-
ducting energy gap A (green) as a function of
the location along the Fermi surface (black). (B)
Schematic Fermi surface of Bi-2212. Vectors
connecting the eight areas of the Fermi surface
with identical 1Al are shown and labeled by
blue and red arrows depending on the type of
elastic scattering process at £ = |Al that con-
nects them.
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