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Proposed method for measuring the duration of electron pulses by attosecond streaking

P. Reckenthaeler,l’z’>l< M. Centurion,1 V. S. Yakovlev,2 M. Lezius,1 F. Kmusz,l’2 and E. E. Fill'
'Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany
2Department fiir Physik der Ludwig-Maximilians-Universitdt Miinchen, Am Coulombwall 1, D-85748 Garching, Germany
(Received 27 November 2007; revised manuscript received 11 March 2008; published 7 April 2008)

We propose a method to measure the duration of ultrashort electron pulses. The electron pulse to be
measured impinges on a solid target, causing the emission of Auger electrons through impact ionization. The
energy spectrum of the Auger electrons is altered in the presence of an intense femtosecond laser field. Due to
the extremely short lifetime of the Auger effect, this effect can be used to generate cross correlation between
a laser and an electron pulse. The method is applicable to electron pulses ranging from hundreds of attoseconds
to hundreds of femtoseconds in duration, and for a few hundreds of electron volts to relativistic energies.

DOI: 10.1103/PhysRevA.77.042902

I. INTRODUCTION

The quest for ever shorter electron pulses is motivated by
a number of exciting applications, including ultrafast elec-
tron diffraction, crystallography and microscopy [1-3], elec-
tron imaging [4,5], the generation of ultrashort x-ray pulses
[6,7], and pumping of x-ray lasers [8]. In particular, few fs or
even attosecond (as) electron pulses would dramatically ad-
vance the technique of time-resolved electron diffraction,
permitting the generation of movies of the fastest structural
dynamics of molecules and electronic wave packets in atoms
[2,9-11]. Femtosecond electron pulses have been generated
using a very short electron gun to reduce space-charge-
induced broadening [2] and by laser irradiation of metal
nanotips [12,13]. Suggestions have been made to produce
femtosecond electron pulses by gating with surface plasmons
[14] or by ponderomotive deflection [15]. Attosecond elec-
tron pulse generation has been proposed by means of high-
intensity laser pulses [16] and by bunching using a “temporal
lens” [17] or a radio-frequency cavity [18].

A key problem in most applications is to measure the
duration of ultrashort electron pulses. Several methods have
been investigated and applied for this purpose including
streak cameras [19], interferometry of coherent transition ra-
diation [19,20], radio-frequency zero phasing [21], terahertz
radiation diagnostics [22], electro-optic encoding [23], and
ponderomotive interaction of a laser with the electron pulse
[24]. None of these methods, however, has proved to be ap-
plicable in a wide range of parameters: Streak cameras and
radio-frequency zero phasing cannot be used for pulses
shorter than a few hundred fs. Coherent transition radiation,
as well as terahertz radiation and electro-optic methods, re-
quires a large number of electrons per pulse to provide a
sufficient signal, while the ponderomotive interaction re-
quires high laser intensities and is limited by the duration of
intense laser pulses.

In this paper, we present a method for measuring the du-
ration of electron pulses, which holds promise for being ap-
plicable to an unprecedentedly broad range of parameters:
From femtoseconds to attoseconds, from electron volts to
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mega-electron volts, and from millions of electrons per
bunch to single-electron pulses. It is similar to that known as
the “attosecond-streak camera” [25,26], an ingenious tool for
investigating ultrafast processes. So far, attosecond streaking
has been used for measurement of soft x-ray pulses, charac-
terizing laser fields and investigating ultrafast processes in
atoms [27-32].

II. THEORY

The underlying idea is based on the fact that an electron
pulse impinging on a solid target will generate, through im-
pact ionization, a pulse of Auger electrons with duration
equal to that of the incident pulse convolved with the dura-
tion of the Auger decay. As discussed below, Auger decay
can be much faster than the duration of the pulses and is
easily accounted for. The energy of an Auger electron created
in the presence of a laser field is altered by the field. The
energy shift AU depends on the phase ¢ of the electric field
E=E, sin(¢) at which the electron is released and the elec-
tron initial energy W, according to the classical formula [25]

AU =\8W,U,, cos(¢)cos(0). (1)

Here, © is the angle between the velocity of the emitted
electrons and the laser polarization and U,,=E(2)/ 4wj is the
ponderomotive potential (here given in atomic units) of the
laser field, where E is the maximum amplitude and w; the
frequency of the laser field, respectively. Equation (1) applies
to linearly polarized laser pulses; it shows that even with
relatively low laser intensity (corresponding to a small pon-
deromotive potential) one can obtain quite appreciable en-
ergy shifts, which for W,>U,, can be much larger than the
laser ponderomotive potential. Calculation of the spectra fol-
lowing a quantum-mechanical approach yields side bands
spaced by the laser photon energy, with a maximal energy
shift given by Eq. (1). Such spectra have been seen in the
so-called laser-assisted Auger decay [33]. The expected spec-
trum can be calculated within a quantum mechanical model
similar to the one describing laser-assisted Auger decay ini-
tiated by the absorption of an energetic photon [29,34]. First,
we consider only those collisions of electrons with atoms
that occurred at a certain moment . Without the streaking
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field, the energy distribution of Auger electrons is given by
[35,36]

0.0« = f M(\20)
vU t

T .
Xexp{—f <E+1(U—Wo))d7}d1’

where I' is the rate of the Auger decay and M(p) is the
bound-continuum coupling matrix element as a function of
the free-electron momentum p=\e’7]. This model neglects
the post-collision interactions, as well as the interaction of
the Auger electron with the field created by the electron
pulse. We also assume here that the collision moment ¢ is
well defined, which is a valid assumption as long as the
interaction time between a projectile and an atom is much
smaller than the Auger decay time 1/I". Under these assump-
tions, the interaction of a free electron with a homogeneous
time-dependent streaking field can be described as [26]

2

. (@

~ 1
I(U,t) « =
VU

© — F
f M(\'2U+A(t’))exp{— S =) =iy
t

.t 2
+§ f [\rTU+A(T)]2dT]dt’ 3)
0
Here, A(7) is defined as
A(T)Zf E(7)d7, (4)

and we assume that the interaction of the streaking field with
bound electrons does not affect the Auger spectrum.

So far, we have been considering a single electron hitting
an atom at a moment f. To evaluate the Auger spectrum
formed by a pulse of electrons with a finite duration, we
assume that the probability to initiate the Auger decay in a
given atom is proportional to the instantaneous flux in the
electron pulse 7,(¢). Denoting the relative delay between the
laser and the electron pulses as Af, we obtain the final ex-
pression for Auger spectra dressed by the streaking field,

©

I(U,At) J 1,(t— At)I(U,p)dt. (5)

—o0

Different atoms—hit by different electrons—emit Auger
wave packets independently. Therefore, deriving Eq. (5), we
incoherently added contributions from atoms that experi-
enced collisions at different moments.

III. PROPOSED EXPERIMENT

We propose to use the change in the Auger line in the
presence of the laser field for measuring electron pulse du-
rations in an arrangement conceptually shown in Fig. 1: The
ultrashort electron pulse impinges on a suitable material gen-
erating Auger electrons. A short laser pulse is then focused at
grazing incidence on the surface of the solid, its polarization
direction being coincident with the direction in which the
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To electron spectrometer

FIG. 1. Basic arrangement of electron pulse duration measure-
ment. P indicates the direction of polarization of the laser pulse.

Auger electrons escaping from the target are detected. An
appropriate choice of the angles of the electron and laser
beams with respect to the surface prevents a deterioration of
the temporal resolution due to geometrical effects. The
angles must be chosen such that the relative delay between
the pulses is constant along the target surface; for example,
for relativistic electrons, a collinear geometry is optimal,
while for 20 keV electrons the optimum angle is approxi-
mately 15° with respect to the surface normal (for grazing
incidence of the laser). A time-of-flight electron spectrometer
then records electron spectra for different time delays be-
tween laser and electron pulses. Overlaying a sufficient num-
ber of spectra with different delays generates a “‘streaked”
spectrum from which the electron pulse duration can be de-
duced.

IV. NUMERICAL RESULTS

In the following, we present results of the calculations for
two different cases, viz., relatively long laser and electron
pulses (of order 100 fs), and very short pulses, viz., a few-
cycle laser pulse with an as electron pulse. These very dif-
ferent parameter ranges illustrate the broad applicability of
the method. In the long-pulse case (electron pulse duration
longer than the laser cycle), the electron spectrum at any
particular delay will be broadened, since the electron ener-
gies are swept through a large number of laser cycles. In the
short-pulse regime (electron pulse duration shorter than laser
cycle), the electron spectrum will be broadened and shifted.
Note that an Auger line with an appropriate decay time must
be chosen for optimum results in the two regimes. The spec-
trum is independent of the energy of the incident electron
pulse. The energy does, however, affect the cross section for
generating Auger electrons, as discussed below in more de-
tail.

The following parameters were used for the calculation of
the long-pulse case: Electron pulse duration 100 fs, laser
pulse duration 50 fs. Both pulses were assumed to be Gauss-
ian in time. For the Auger transition, the oxygen KLL line
with an energy of 500 eV is chosen. The natural width of this
line is 0.15 eV corresponding to a decay time of 4.4 fs. The
laser intensity is assumed to be 1.6 X 10'> W/cm? at a wave-
length of 800 nm, corresponding to a ponderomotive poten-
tial U,=0.1 eV. The maximum energy shift, calculated from
Eq. (1), is =20 eV. Figure 2 shows the oxygen line and its
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FIG. 2. (Color online) Electron spectra for a long-pulse case at
delay time Az=0, i.e., when electron and laser pulse maxima coin-
cide. The dashed blue curve (QM) shows the result of a quantum
mechanical calculation following Eq. (5), while the red solid curve
(Class) shows the spectrum calculated (classically) using Eq. (1).
The inset shows the original line without laser. The total number of
electrons is the same for all curves.

broadening calculated using Egs. (1) and (5). The bound-
continuum transition matrix element M was assumed to be
constant within the bandwidth of interest.

The electron spectrum is seen to be substantially altered
during the period in which the two pulses overlap: According
to the quantum mechanical formula (5) the intensity of the
main Auger line is reduced to 14% and side bands spaced by
the photon energy appear on both sides, extending up to the
maximum energy shift, while the classical calculation pre-
dicts a decrease of the main peak to 5%, along with a con-
tinuous broadening of the line. Even though the main Auger
line is still quite prominent in the spectrum, measurement of
the number of the energy-shifted electrons should be readily
feasible, yielding the cross-correlation signal between the en-
velopes of the laser and the electron pulses. Apart from the
expected sidebands, the quantum mechanical approach also
shows a modulation in the amplitude of the sidebands. The
modulation arises from interference between different com-
ponents of the electron wave packet emitted with the same
energy at the rising and falling part of the laser cycle. The
streaked spectrum, generated by plotting the spectra as func-
tions of delay between laser and electron pulse, is shown in
Fig. 3(a). As the overlap between the two pulses increases,
more and more sidebands appear on both sides of the main
Auger line. From such a correlation measurement, the dura-
tion of the electron pulse can easily be retrieved if the laser
pulse envelope is known.

The short-pulse case [Fig. 3(b)] is calculated with the fol-
lowing parameters: Electron pulse duration 500 as, a few-
cycle cosine-laser pulse with duration of 4 fs at a wavelength
of 800 nm. Again, a laser intensity of 1.6 X 10'> W/cm?, i.e.,
U,=0.1 eV, was assumed. Note that the laser pulse must be
carrier-envelope stabilized, otherwise the temporal resolution
would only be given by its pulse duration. For the Auger
transition, the titanium KLL Auger line at 4.06 keV with a
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FIG. 3. (Color online) Calculated electron spectra. (a) Spectrum
for long-pulse conditions. Electron pulse duration 100 fs; laser
pulse duration 50 fs. Auger line applied oxygen KLL at 500 eV. (b)
Spectrum for short-pulse conditions as a function of time delay.
Electron pulse duration 500 as; laser pulse duration 5 fs. Auger line
Ti KLL at 4.06 keV. Time zero is defined as the temporal delay at
which both pulse maxima coincide. The color scale is normalized to
the intensity of the original Auger line.

natural width of 0.94 eV and, correspondingly, a decay time
of 702 as is chosen. Equation (1) predicts for the maximum
energy shift of the electrons a value of =57 eV. Features
quite different from the long-pulse case are now observed:
The main change in the spectrum is an energy shift which
occurs in synchronism with the laser vector potential. Slight
broadening results from the combined smearing of electron
pulse duration and Auger decay time over the laser cycle.
For successful realization of the experiment, the number
of Auger electrons generated must be high enough to pro-
duce a spectrum in an appreciable amount of time. The
electron yield 7, defined as the number of Auger electrons
per pulse electron can be calculated by the expression 7
=(1-7)oxNodes., Where 7, is the fluorescence yield of the
Auger line, oy is the cross section for K-hole generation by
the incoming electrons, N is the number density of the solid,
and d. is the escape depth of the Auger electrons from the
solid. The fluorescence yields for oxygen and titanium are
given by 0.0083 and 0.214, respectively [37]. For nonrelativ-
istic electrons, the calculated cross section for generating a K
hole are 2.6X1072° cm? and 1.06 X 107! cm? for oxygen
and titanium, respectively [38]. The escape depth can be
taken from the universal mean-free-path curve for solids
(see, for example, [39]), and is 0.9 nm at 500 eV and about
3nm at 4 keV. Using these parameters we obtain 7, ¢
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=1.7Xx10™* and 7, 7;=1.4X107. For the calculation of
Te.0- the number density of oxygen in sapphire was used.
These numbers show that with an electron gun running at
1000 electrons per pulse at a kHz repetition rate or with 1
electron per pulse at a MHz repetition rate, and an electron
spectrometer with an acceptance angle of about 1 sterad, a
complete spectrum covering a range of W+ AU can be re-
corded in less than an hour (although for cross-correlation
experiment a smaller range could be sufficient).

In order for the method to work over a wide range of
electron energies, the cross section for generating a K hole
must be sufficiently large. In the energy range between keV
and GeV, the cross section has a minimum around MeV en-
ergies [40,41]. Even at the lowest value the cross section is
comparable to the value used in the above example, thus we
expect the method to work from keV to GeV energies. The
minimum energy for the electron pulse is given by the en-
ergy necessary to create the K hole (just slightly above the
energy of the chosen Auger line). We have also considered
the effect of the finite escape depth, but do not expect it to be
significant, given that the escape time (over 1 mean free
path) will be below 100 as.

PHYSICAL REVIEW A 77, 042902 (2008)

V. CONCLUSION

In conclusion, we present a method of electron pulse du-
ration measurement. By drawing on laser assisted Auger
electron emission induced by impact ionization, the method
can be used for determining electron pulse durations in a
broad range of parameters of electron energy and pulse du-
ration. Electron energies may range from a few keV up to
highly relativistic ones in the GeV range and pulse durations
from a few 100 fs to sub fs. The method also works indepen-
dently of the number of electrons per pulse.
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