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Laser-plasma wakefield-based electron accelerators are expected to deliver ultrashort electron bunches

with unprecedented peak currents. However, their actual pulse duration has never been directly measured

in a single-shot experiment. We present measurements of the ultrashort duration of such electron bunches

by means of THz time-domain interferometry. With data obtained using a 0.5 J, 45 fs, 800 nm laser and a

ZnTe-based electro-optical setup, we demonstrate the duration of laser-accelerated, quasimonoenergetic

electron bunches [best fit of 32 fs (FWHM) with a 90% upper confidence level of 38 fs] to be shorter than

the drive laser pulse, but similar to the plasma period.
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Laser-plasma wakefield electron acceleration has ad-
vanced substantially over the past few years. Monoener-
getic features in the electron spectra up to the GeV level,
with low emittances and improved reproducibility [1–7],
have been demonstrated. Laser-wakefield acceleration is a
highly dynamic process as a result of a complex interplay
between varying quantities such as plasma density or laser
pulse energy, radius, and duration. Theory and 3D-particle-
in-cell (PIC) simulations [8,9] suggest electron bunch
durations inside the plasma to be inherently shorter than
the plasma period �p=c, which for typical densities is

’10–30 fs. However, it is still not fully understood how
these short pulses evolve during and after they leave the
plasma, and whether their duration stays short. Previous
experimental efforts [10,11] were limited in resolution to
100 fs and hence were unable to answer this question.
Knowledge on post-plasma electron bunch durations is
critical for compact, ultrashort x-ray sources of high bril-
liance such as undulator, optical wiggler or SASE free
electron laser (FEL) schemes [12–17], which require elec-
tron peak currents in the kA range and pulse durations that
are significantly shorter than those achieved by conven-
tional accelerators.

We measure for the first time in a single-shot, electro-
optic (EO) setup that the duration of quasimonoenergetic,
laser-wakefield accelerated bunches is indeed shorter than

the laser pulse duration. In the experiment, we clearly
distinguish two electron distributions, accelerated by the
10 TW, 45 fs ASTRA laser pulse. We observe a long
electron pulse trailing a short bunch of quasimonoenergetic
electrons using coherent transition radiation (CTR) from a
thin aluminum tape target following the plasma region.
Knowledge of the electron energy spectrum and the ge-
ometry of the CTR source allows us to partially overcome
the resolution limit of the EO crystal and infer an electron
bunch duration below 38 fs (FWHM).
The experimental setup is depicted in Fig. 1. The main

part of the ASTRA laser pulse (45 fs, 500 mJ) is used to
accelerate electrons in a supersonic gas jet similar to that of
Ref. [1]. Using transverse interferometry, the electron den-
sity is measured to be 1:5� 1019 cm�3 (plasma period
30 fs). The electron spectrum is recorded using image
plates and a magnetic spectrometer, while the charge is
measured by an integrating current transformer (ICT).
An aluminum tape of 50 �m thickness is installed 5 mm

behind the gas jet and acts as a source of coherent transition
radiation (CTR), which is mainly emitted in the THz
spectral range. It provides a temporal imprint of all elec-
trons leaving the plasma and passing through the foil. In
addition, the tape blocks intense THz radiation from other
sources such as the plasma wakefield accelerator [18],
from linear mode conversion [19], and CTR from the

PRL 104, 084802 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

26 FEBRUARY 2010

0031-9007=10=104(8)=084802(4) 084802-1 � 2010 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.104.084802


plasma-vacuum transition [10]. The CTR emitted from the
tape is collimated and focused into a 200 �m thick ZnTe
crystal (h110i orientation, supplied by Ingcrys laser sys-
tems) using a pair of off-axis parabolas (OAPs), the first of
which is equipped with a central hole (1 cm dia.) to trans-
mit the electrons and the drive laser beam. A Teflon filter
placed between the OAPs additionally blocks scattered
laser light. From the ASTRA pulse, 1 mJ is split off,
negatively chirped to 5 ps duration in a Treacy-type grating
arrangement and focused through the ZnTe crystal. The EO
crystal material was chosen for its high nonlinear coeffi-
cient and the thickness of 200 �m to minimize signal-
probe group velocity walk off. Because the diffraction
limited beam (w0 ¼ 100 �m) is offset by d ¼ 600 �m
from the radially polarized CTR focus, the THz field
polarization within the probe beam can be assumed to be
linear. The transient birefringence induced in the crystal by
the THz pulse via the electro-optic Pockels effect rotates
the polarization of the chirped probe (CP) beam. The
resulting change in polarization encodes an intensity
modulation onto the CP after passing through a crossed
polarizer. The temporal evolution of this intensity modu-
lation—and thus the temporal structure of the CTR pulse—
is then probed directly by another 1 mJ, 45 fs part of the
ASTRA laser pulse in a cross correlator, similar to that in
[20,21].

For the analysis of the experimental data, we assume the
electron beam to consist of a low-emittance ultrashort
electron bunch followed, after a time ��, by a divergent
tail of low-energy electrons with a temperature Te and
duration �long. This assumption is motivated by simulations

of the highly nonlinear broken-wave regime [8], and it is
experimentally supported by simultaneously recorded
electron spectra, such as the one shown in Fig. 2. The
spectrum suggests that one part of the 30 pC electron
beam is accelerated to an energy of 40 MeV, with an rms
energy spread of 7 MeV, while the rest of the beam, the
low-energy part, exhibits an exponential spectrum with
Te ¼ 6 MeV. The existence of two temporally separated

electron populations is confirmed by the doubly peaked
cross-correlator intensity trace as shown in Fig. 3(b)(2) and
was only measured when monoenergetic features were
present in the electron spectrum.
The ZnTe crystal has a transverse optical phonon reso-

nance at 5.3 THz, which limits the intrinsic resolution to
’ 180 fs. To understand how to overcome this limit, con-
sider a Gaussian-type CTR pulse much shorter than the
temporal resolution limit. In the spectral domain, this is
equivalent to a Gaussian spectrum centered around zero
frequency [22–24], which reaches far beyond the observ-
able ZnTe frequency window. Inside that window, it dis-
plays a nearly constant spectral amplitude. However,
different pulse durations can still be differentiated by their
spectral amplitude at the cutoff frequency. Thus, the ratio
of the spectral energy at high frequencies and the total
radiated energy are a sensitive indicator of electron bunch
duration variations. To detect them, we make use of the
sharp, threefold increase in the ZnTe index of refraction
between 4 and 5 THz close to the resonance. This increase
delays and attenuates the high-frequency components,
which in the time domain appear as damped field os-
cillations trailing the main pulse as in the blue curve in
Fig. 3(b)(1).
If the ultrashort THz signal would be fully transmitted,

one could hardly distinguish these oscillations from the
background electrons. We have thus enhanced the mutual
contrast of the THz signals from the long and short electron
bunch by using the central hole in the parabola as an
angular filter, thereby selectively reducing the intensity
of the reflected ultrashort THz fields from the high electron
energy contribution (� ’ 1=�). The idea behind our analy-
sis is a time-domain interferometry (TDI) approach to
separate the superposed signal from our measurement
into its constituent CTR fields by distinguishing the differ-
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FIG. 2 (color online). A typical electron spectrum as recorded
with the pulse duration measurement. Because of clipping at the
spectrometer aperture, the number of low-energy electrons
(dashed line) reaching the spectrometer is reduced by more
than an order of magnitude.

FIG. 1 (color online). Laser-accelerated electrons generate
coherent transition radiation (CTR) at an aluminum tape target.
The CTR is imaged by two off-axis parabolas (f1 ¼ 125 mm
and f2 ¼ 250 mm) into an electro-optical ZnTe crystal, which
rotates the polarization of a chirped probe (CP) beam in the
time-domain. This modulation of the CP is analyzed in a cross
correlator.
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ent time scales. Hence, we have a long, above-resolution
background field "longðtÞ [red curve in Fig. 3(b)(1)], which

is easy to characterize and a short, subresolution field of the
ultrashort electron bunch "shortðtÞ that now modifies a
known background.

By using the long background field "longðtÞ> "shortðtÞ
as a bias for the electric field "shortðtÞ, this background
defines a zero-field reference for the short THz field and
thus preserves the latter’s sign information in the
cross-correlator intensity trace IðtÞ [see green curve in
Fig. 3(b)(2)]. For the same reason, the measurement is
also robust against small polarization imperfections within
the diagnostic system, which affect the entire signal, but
not the field amplitudes of the short pulse with respect to
the reference background.

The measured electron spectra allow calculation of the
CTR radiation angles (� / 1=�). This gives the fraction of
the CTR spectrum that is transmitted by the OAPs to the
ZnTe crystal. Using the ZnTe crystal properties from
Ref. [25], we model the EO crystal response according to
Ref. [22]. The resulting oscillations of the high-frequency
components are then compared with the measured cross-
correlator signal and enable the deduction of the original
ultrashort bunch durations well below 100 fs (FWHM).

For the detailed modeling of the transition radiation of
the electrons after the Al foil, we take into account diffrac-
tion effects [24] because the closely spaced tape holders
behind the foil define a finite emission region with an
effective size of 2 mm. If electron spectra were measured
for a given shot, they were taken as the basis for the

modeling of the long and short electron distributions and
divided into an exponential, low-energy part and a quasi-
monoenergetic feature at higher energies. The simulated
far-field distribution was propagated using Fourier optic
techniques through a model of the THz refocusing optics,
including the holes in the OAPs. For the focusing, we take
into account the full radially polarized THz beam and the
100 �m diameter CP focus, which is displaced by
600 �m from the THz pulse axis. This offset introduces
another high-frequency cutoff, since high frequencies are
focused to a spot too tight to interact with the off-centerCP
beam. The result is a spatiotemporal field distribution at the
focus in the ZnTe crystal. In the next modeling step, we
track the THz pulse and the CP through the crystal [22,23].
The transmission of the CP through the crossed polarizer,
carrying the temporal information, is modeled using the
Jones matrix formalism. The final optical pulse intensity
measured by the cross correlator is given by the square of
the CP electric field.
The measured cross-correlator intensity trace (black

curve in Fig. 4) of the sample shot from Fig. 2 is fitted to
the model with the main parameters being �short, �long, ��,

and the number ratio �el of the two electron populations.
We calculate the influence of shot-to-shot fluctuations,

characterized in 19 calibrations measurements, on our
fitting parameters using a Monte Carlo approach. First, a
range of synthetic data sets is generated by adding statis-
tical noise, equivalent to the measured shot-to-shot fluc-
tuation, to the best fit (based on minimum �2). Then, these
data sets are used as input for our fitting algorithm, which
results in distributions of fitting parameters [see Fig. 4(b)–
4(d)], where each fit is marked by a blue dot.

FIG. 3 (color). (a) The angular-spectral intensity of coherent
transition radiation (CTR) from a short electron bunch (�short ¼
32 fs) followed after a time �� ¼ 356 fs by a long, low-energy
electron background (�long ¼ 712 fs) is constrained by several

filter functions (arrows illustrate respective cutoff frequencies),
affecting the overall time resolution. (b) In the time domain, the
CTR field is a superposition of the low-energy electrons (red
curve) trailing in the wake of an ultrashort, subresolution elec-
tron bunch (1). The resulting interference (green curve) is
measured as an intensity trace in the cross correlator and
includes effects of polarization optics (2).
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FIG. 4 (color online). (a) The model of two electron distribu-
tions is fitted to the measured cross-correlator intensity trace
determining the short pulse duration with a best fit at �short ¼
32 fs (FWHM), the temporal offset �� ¼ 356 fs, and the long
electron background duration �long ¼ 712 fs (FWHM). (b)–

(d) depicts error margins at the 90% level of �short, �long, ��,

and �el. The dots represent fits to random variations of the best
fit (� �). This deviation is consistent with a non-Gaussian, low-
energy tail at later times, which does not affect the short pulse
duration measurement.
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For the shot in Fig. 4, we determined a best fit at �short ¼
32 fs (FWHM) with 90% of all Monte Carlo scenarios
below 38 fs (FWHM). Figures 4(b)–4(d) illustrate error
margins of �long ¼ 712þ12

�24 fs and �� ¼ 356þ1:5
�1:8 fs. The

relative uncertainties due to the small misalignment in
polarization optics ��pol, the electron number ratio �el,

and the CP to CTR offset d are 14.0%, 8.7%, and 3.0%,
respectively.

Typical background electron durations �long from vari-

ous shots were determined to be in a range of 450–800 fs
with delays �� of 300–450 fs behind the respective ultra-
short electron bunches. These delays and bunch durations
are in good agreement with the time-of-flight dispersion of
the low-energy electrons as they propagate over a distance
of 5 mm to the Al foil. A selected set of four shots with
corresponding short electron bunch durations and the re-
spective fits is displayed in Fig. 5. For shots (1) and (2) (red
lines), electron spectra could be used for detailed modeling
[24]. Although the electron spectrometer was not in opera-
tion for shots (3) and (4) (blue lines), considerable infor-
mation can be retrieved based on spectra comparable to (1)
and (2) combined with assuming varying energies of their
monoenergetic peaks. However, due to this uncertainty in
shot (3) and (4), no best fit could be obtained for the short
bunch duration �short. Shot (1), corresponding to Fig. 4, has
a 90% upper limit at 38 fs and a best fit at 32 fs, which
suggests an electron bunch duration comparable to or
shorter than the plasma period �p=c ¼ 30 fs. While the

best fit value is slightly above the pulse duration expected
by PIC simulations [9], it has to be pointed out that no
lower limit can be given and that effects such as beam
loading [26] can lead to a substantial elongation with
respect to ideal case PIC scenarios with durations well
below half the plasma period.

In summary, we presented first experimental results that
laser-plasma wakefield accelerated electrons are in fact
shorter than the drive laser pulse duration, even after exit-
ing the plasma. We found an upper limit of 38 fs (FWHM)
on the electron bunch duration at a laser pulse duration of
45 fs, showing it to be comparable to the plasma period.
This paves the way towards future ultrashort x-ray sources
of high brilliance, such as ultrafast Thomson-scattering
[14,15] or, in a more long-term perspective, a laboratory-
scaled SASE FEL [16], for which ultrashort electron pulses
with high peak currents in the kA range are essential. These
developments might make compact, brilliant x-ray beams
for applications available in midsized university labs.
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FIG. 5 (color). Left: Bunch duration measurements of several
shots including all error contributions. Right: Corresponding
measured cross-correlator traces (black) with best fits (colored).
For the calculation of the red curves, a measured electron
spectrum was available. The best fit electron bunch duration of
shot no. 1 (highlighted) is 32 fs and thus comparable to the
measured plasma period �p=c ¼ 30 fs (dashed line).
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