
PRL 96, 014801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JANUARY 2006
Temporal Characterization of Femtosecond Laser-Plasma-Accelerated Electron Bunches
Using Terahertz Radiation
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The temporal profile of relativistic laser-plasma-accelerated electron bunches has been characterized.
Coherent transition radiation at THz frequencies, emitted at the plasma-vacuum boundary, was measured
through electro-optic sampling. Frequencies up to the crystal detection limit of 4 THz were observed.
Comparison between data and theory indicates that THz radiation from bunches with structure shorter
than ’ 50 fs (root-mean-square) is emitted. The measurement demonstrates both shot-to-shot stability of
the laser-plasma accelerator and femtosecond synchronization between bunch and probe beam.
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Laser-driven plasma-based accelerators [1–9] are of
great interest to the scientific community because of the
ultrahigh accelerating gradients generated, and the high-
brightness electron bunches that are produced. In such
an accelerator, a focused intense (>1019 W cm�2) laser
pulse drives a plasma density wave, oscillating at the
plasma frequency. For a sufficiently large amplitude
wave, plasma electrons can be trapped and accelerated to
relativistic energies. Accelerating gradients on the order of
10–100 GV m�1 and generation of multi-nC electron
bunches have been demonstrated [3–9]. Simulations and
theory [10,11] indicate that the electron bunches are in-
trinsically short and dense since the transverse bunch size
is on the order of the laser spot size (�10 �m), and the
bunch length is on the order of the plasma wavelength
(typically 5–20 �m, depending on the plasma density).
The laser, the relativistic electrons, and secondary radia-
tion such as � rays [12], x rays [13,14], and THz waves
[15–17] are intrinsically synchronized in time. The com-
pact accelerator size, the ultrashort electron bunch genera-
tion, and the synchronized radiation emission open a broad
perspective for future scientific experiments.

Temporal characterization of electron beams produced
by conventional accelerators has been performed either by
analyzing the direct Coulomb field of the bunch [18–22],
or by characterizing coherent transition radiation (CTR)
[23–25]. CTR is emitted by the electron bunch as it
propagates from one medium to another [26], e.g., through
a metallic foil. Note that CTR measurements at conven-
tional accelerator facilities have generally focused on the
angular and spectral intensity distribution rather than on
the direct (electric field) CTR waveform. For the laser-
plasma accelerator [also referred to as laser-wakefield
accelerator (LWFA)], the plasma-vacuum interface acts
as the CTR media transition and LWFA-produced CTR
at THz frequencies has been measured [15–17,27].
Previous CTR experiments on LWFA-produced electron
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bunches have focused on measuring THz pulse energy and
polarization [15], and two energy measurements in differ-
ent spectral ranges of detector acceptance suggested the
existence of sub-100 fs bunch structure [27]. However, to
date, neither extensive spectral analysis, nor temporal
characterization of the THz pulse and the LWFA electron
bunch profile have been realized.

In this Letter we report on direct THz waveform mea-
surements (amplitude and phase), obtained with an electro-
optic (EO) sampling technique [18–22,28–30], performed
to derive temporal properties of the LWFA electron beam.
Through the EO effect, the THz waveform induces a
change in birefringence of a crystal, proportional to the
THz electric field strength and sign, which is then probed
by a femtosecond laser beam (probe beam). By scanning
the delay between the THz pulse and probe beam, a full
THz waveform was recorded. This measurement also dem-
onstrates LWFA stability and applicability in pump-probe
type of experiments.

The experiments were performed with the high-power
Ti:Al2O3 laser of the LOASIS facility at the Lawrence
Berkeley National Laboratory [27]. A schematic of the ex-
perimental configuration is shown in Fig. 1. A Ti:Al2O3
laser beam (wavelength of �0 � 800 nm) was focused
[spot size ’ 3:6 �m root-mean-square (rms)] by an off-
axis parabola (OAP1) onto Helium gas emerging from a
gas jet (diameter of 2 mm) with a backing pressure of
1000 psi. The peak electron density in the plasma was 3�
1019 cm�3, corresponding to a plasma wavelength of �p �
6 �m. The total charge of the electron bunch was ’ 2:4 nC
(measured 50 cm from the gas jet). The electron energy
distribution g�E�, measured by a magnetic spectrometer
and averaged over multiple shots, showed an exponential
form of g�E� � exp��E=Et�, with Et � 5 MeV. Part of
the THz radiation was collected and collimated by an F=2
90�-off-axis parabola (OAP2, 15 cm focal length), posi-
tioned off center (� � 19� with respect to the main propa-
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FIG. 2. The main plot shows the modeled EO signal SEO���
using a ZnTe crystal (solid curve) and using a dispersion-,
absorption-, and mismatch-free crystal (dashed curve). In this
model, the THz radiation is CTR from a 50 fs (rms) Gaussian
electron bunch. The inset shows the amplitude of the CTR
spectrum jETHz���j (dashed curve), as well as the ZnTe transfer
function jTZnTe���j (solid curve), and spectrum of the envelope
of the probe beam (dotted curve).

Electrons

OAP2

OAP3

Si wafer

Plasma

THz

Laser Pulse

Target Chamber (vacuum)

PE window

ZnTe

Analyzer

PolarizerLens

Lens

Lens

Probe Beam

Photo-diode

x

y

Eprobe

ETHz

<001>-axis

OAP1

FIG. 1. Schematic representation of the LWFA, the THz
(CTR) beam path, and the EO detection setup.
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gation axis) to avoid damage from the electron or laser
beams. The collimated THz radiation was then focused by
an F=2:4 90�-off-axis parabola (OAP3, 18 cm focal length)
onto a 200 �m-thick ZnTe crystal, positioned outside the
target chamber [a 3.2 mm-thick polyethylene (PE) disk
served as window]. A high-resistivity Si wafer blocked
remnant laser light from interfering with the EO detection.
A 21 fs (rms) Ti:Al2O3 probe beam, split off from the main
laser beam to provide synchronization, was focused (spot
size <20 �m) to overlap with the THz beam in the ZnTe
crystal. A polarizer ensured horizontal polarization of the
probe beam, while the analyzer was rotated to transmit
only the vertical component to a biased photo-diode. The
ZnTe crystal was cut in the h110i plane, and the h001i axis
was rotated to optimize the signal-to-noise ratio of the EO
measurement. The electric field vectors of the probe beam
and THz pulse are shown in the bottom right of Fig. 1.
Although the emitted THz pulse is radially polarized [16],
OAP2 selects a specific polarization component which
corresponds to vertical polarization at the crystal surface.

With future single-shot EO experiments as a motivation,
single-diode detection of the probe beam [31] was pre-
ferred over balanced-diode detection [28]. To resolve the
sign of the THz pulse, a quarter-wave plate (�=4 plate) was
used to provide the necessary ellipticity to the probe beam
polarization. It has been shown [31] that in this experimen-
tal configuration (sign-resolved single-diode EO sam-
pling), the best signal-to-noise ratio is obtained with a
small rotation of the �=4 plate (in this experiment by
5�), such that near-zero optical transmission is realized.
The THz wave will modify the probe beam ellipticity by a
phase retardation ��, and cause an increase or decrease of
the transmitted probe beam energy TEO���, depending on
the time delay � between probe beam and THz pulse. For
01480
THz fields of equal but opposite magnitude, the change in
transmission is not symmetric (not identical), but a well-
known function of probe beam ellipticity [31]. For this
reason the transmission measurement TEO��� was symme-
trized using this function, yielding the EO signal SEO���.

There are several other EO-related effects that influence
THz waveform analysis [30,32]: (1) The probe beam has a
finite pulse length, limiting the temporal resolution of the
EO method. (2) Dispersion and absorption in the ZnTe
crystal causes THz pulse distortion. (3) There is a mis-
match between the phase velocity of the individual THz
frequencies and the group velocity of the probe beam.
Since the ZnTe crystal has a well characterized dispersion
function in both the near-infrared and THz spectral domain
[30,33,34], these effects can be modeled and the original
THz waveform ETHz�t� can be extracted from the measured
(and symmetrized for probe beam ellipticity) EO signal
SEO���. In the frequency domain, a slowly varying enve-
lope approximation can be applied to the convolution of
the probe beam and the THz waveform [32], yielding

SEO�!� / r41�!�Ipr�!�ETHz�!�TZnTe�!�; (1)

with ! � 2�� the angular frequency, Ipr�!� � e�!
2	2

pr=4,
	pr the probe beam pulse length (rms), and r41�!� the EO
coefficient. The crystal transfer function TZnTe�!� incor-
porates the dispersion, absorption, and mismatch. The inset
in Fig. 2 shows the amplitude of the ZnTe transfer function
(solid curve), the spectrum of the envelope of the probe
beam e�!

2	2
pr=4 (dotted curve), as well as the theoretical

curve for CTR from a 50 fs (rms) Gaussian electron bunch
(dashed curve). Although a strong 5.3 THz phonon reso-
nance exists [32], the effective cutoff frequency of the
200 �m-thick ZnTe crystal lies at 4 THz due to the veloc-
ity mismatch between THz and probe beam.
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The CTR characteristics can be modeled from the well-
known angular and spectral distribution function for an
electron passing a metal-vacuum boundary [26].
Concerning the LWFA, previous analysis [16] has shown
that the plasma-vacuum boundary can be modeled as a
metal-vacuum interface with a finite transverse size given
by the transverse extent of the plasma. To include the
coherence effects at the boundary, the angular and spectral
distribution function is multiplied by the form factor F�!�
of the electron bunch and by the diffraction function D�!�
[16], such that the THz electric field is given by [17]

ETHz�!� /
Z
g�u�

u
��������������
1� u2
p

sin�

1� u2sin2�
D�!; u�F�!; u�du; (2)

where � is the angle of emission with respect to the
electron propagation axis, and g�u� is the electron momen-
tum distribution with u the electron momentum normalized
to mec. Note that at small observation angles � < 1, the
form factor F�!� for LWFA-produced bunches is domi-
nated by the temporal bunch profile since the transverse
bunch size is smaller then the longitudinal bunch length. In
the experimental setup, the observation angle was � �
19�. The CTR spectrum [inset of Fig. 2 (dashed curve)]
is derived from a 50 fs (rms) Gaussian electron bunch,
exiting a plasma with transverse radius of 
 � 200 �m
(consistent with plasma density interferometry). The ZnTe-
induced EO signal SEO��� from this bunch form, with
SEO��� the inverse Fourier transformation of SEO�!�, is
plotted as a solid curve in the main plot of Fig. 2. The
dashed curve in the same plot indicates the EO signal
through use of an ideal crystal (no mismatch, no disper-
sion, no absorption, and an ultrashort probe beam). The
reflective THz losses at the crystal interface only signifi-
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FIG. 3. The main plot shows the measured EO signal SEO���
(gray dots), with the black curves representing the modeled EO
signal based on CTR from a single-bunch charge profile (dashed
curve) and double-bunch profile (solid curve, with 30% of
charge in leading bunch at 230 fs temporal separation). The
length of each bunch in the model is set at 50 fs (rms). The
Fourier transformation of the data (gray dots) and modeled
waveforms are shown in the inset (solid curve for double-bunch
profile, dashed curve for single-bunch profile).
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cantly affect the amplitude of SEO���, and not the shape of
the waveform, and are therefore ignored here.

The EO measurement, which is representative of several
data sets, is shown in Fig. 3 as gray dots, where the
measured EO signal SEO��� is plotted versus time delay.
The delay stage was scanned with steps of 20 fs, and at
each step 10 laser shots were taken, resulting in a 60 min
long scan at 0.4 Hz system operation. The error bars
represent the standard deviation on the 10 shots. The
Fourier transformation of the data is plotted as gray dots
in the inset of Fig. 3. Since a clean EO waveform was
recorded in this single-diode EO configuration (no refer-
ence diode), where frequencies up to the 200 �m-thick
ZnTe detection limit of 4 THz were fully resolved, a stable
accelerator performance was demonstrated. Both figures in
Fig. 3 also display a modeled EO signal SEO��� based on
CTR from a Gaussian charge distribution (dashed black
curves). A good fit is found for a 50 fs (rms) single bunch.
Because of the 4 THz detection cutoff, we found that the
charge profile could be shorter than 50 fs without signifi-
cantly modifying the measured EO signal. However, if a
longer charge profile is chosen, the theoretical curve no
longer agrees with the measured sharp spectral cutoff at
4 THz.

Regarding the model based on CTR from a single bunch
(dashed curves in Fig. 3), both a discrepancy between the
temporal measurement and fit, as well as the presence of a
spectral oscillation, can indicate that a more complex
charge profile exists. For example, the modeled EO signal
based on a double-bunch charge profile is shown as solid
curves in Fig. 3, with both bunches Gaussian shaped (50 fs
rms) and separated in time by 230 fs (30% of the charge in
the first bunch). The double-bunch-based model results in
an improved fit in the time domain, and the observed
spectral oscillation (direct consequence of the double
bunch) is reproduced. A possible mechanism for the
double-bunch structure is plasma-gradient-induced wave
breaking [35,36]. As the electron bunch and plasma wave
propagate down the plasma density ramp (at the end of the
gas jet, with a typical length of 100 �m), a second phase of
electron trapping can occur several plasma wavelengths
behind the leading bunch. The trapping occurs when the
plasma fluid velocity matches the local phase velocity of
the plasma wave, which is decreasing (due to the negative
density gradient) as a function of distance behind the driver
of the plasma wave. Alternatively, nonlinear transverse
wave breaking [37] in the uniform-density part of the
plasma could also lead to a second trapping phase several
plasma wavelengths behind the leading bunch. In future
experiments a single-shot EO technique [21] will be im-
plemented, providing charge profile information for every
shot instead of a temporal average as in the scanning
technique.

An additional data set with a linear polarization state of
the probe beam was recorded. In this measurement, the
peak diode signal (maximal EO effect) showed a trans-
mission of TEO � 5:7� 10�3, where TEO � 1 represents
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the total energy in the probe beam. The peak phase retar-
dation ��, induced by the THz pulse, is related to the peak
transmission through �� ’ 2

��������
TEO

p
, resulting in �� ’

0:15 rad. �� can be related to the incident peak THz field
[29] through �� � 2�Ln3

0r41ETHz=��0
����
�
p
�, with n0 �

2:85 the refractive index for ZnTe at �0 � 800 nm, r41

the EO coefficient (r41 ’ 4:0� 10�12 m V�1 [38]),
and � ’ 3–6 the EO transmission reduction due to THz
reflection at the crystal surface and THz pulse distortion in
the ZnTe. The incident peak field was then ETHz �
18–25 kV cm�1.

Since OAP2 collects less than 5% of the originally radi-
ally polarized THz beam, higher peak fields could be real-
ized through improved collection in future experiments.
Furthermore, the generation of high-energy (>100 MeV)
quasi-mono-energetic and low-divergence electron beams
in a channel-guided LWFA, which has recently been dem-
onstrated [8], could significantly boost peak fields of fem-
tosecond THz (CTR) pulses. In such an experiment, CTR
could be generated by propagating the electrons through a
metallic foil (with reduced diffraction effects) downstream
of the gas jet, and, since the CTR generation plane is
spatially separated from the gas jet and remnant laser light,
efficient THz collection can be realized. Transverse and
longitudinal debunching are minimal for these low-energy-
spread ultrarelativistic electron beams.

In summary, temporal characterization of laser-
wakefield accelerated electron bunches has been per-
formed through single-diode EO sampling of THz radia-
tion, emitted by the electron bunch as it passes the plasma-
vacuum interface. The data indicates the presence of 50 fs
(rms) charge structure, since modeled CTR from a 50 fs
(rms) Gaussian bunch results in a good fit with the data.
Sub-50 fs bunch structure could be present, but the mea-
surements were limited by the temporal resolution of the
ZnTe crystal. Details of the EO waveform could suggest a
more complex (non-Gaussian) charge profile, which might
be characterized in future single-shot experiments. The
shot-to-shot synchronization between electron and probe
beam, combined with the stability of the electron beam
properties are of sufficient performance to fully resolve
CTR frequencies up to the 200 �m-thick ZnTe detection
limit of 4 THz. Peak electric fields of the THz pulse in the
range 18–25 kV cm�1 were observed.
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