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Electro-optic techniques in electron beam diagnostics

J. van Tilborg*, Cs. Téth, N. H. Matlis, G. R. Plateau, and W. P. Leemans
Lawrence Berkeley National Laboratory, Berkeley, California

Abstract

Electron accelerators such as laser wakefield accel-
erators, linear accelerators driving free electron lasers,
or femto-sliced synchrotrons, are capable of producing
femtosecond-long electron bunches. Single-shot character-
ization of the temporal charge profile is crucial for opera-
tion, optimization, and application of such accelerators. A
variety of electro-optic sampling (EOS) techniques exists
for the temporal analysis. In EOS, the field profile from the
electron bunch (or the field profile from its coherent radia-
tion) will be transferred onto a laser pulse co-propagating
through an electro-optic crystal. This paper will address the
most common EOS schemes and will list their advantages
and limitations. Strong points that all techniques share are
the ultra-short time resolution (tens of femtoseconds) and
the single-shot capabilities. Besides introducing the theory
behind EOS, data from various research groups is presented
for each technique.

INTRODUCTION

Electron accelerators are playing a major role in today’s
scientific landscape. Compact relativistic electron bunches,
containing > 109 electrons, with a transverse size of sev-
eral microns and a temporal duration of 10’s to 100’s of
femtoseconds, can be utilized for numerous applications.
On one hand one can think of experiments where the elec-
trons are utilized directly (for example: colliders, elec-
tron diffraction, and magnetic switching). On the other
hand, these compact bunches can produce intense electro-
magnetic radiation such as X-rays, gamma rays, ultra-
violet photons, and terahertz (THz) radiation, among others
(think for example of synchrotron radiation or free electron
lasers). For all these applications, the quality of the elec-
tron bunch is a critical parameter. One way to assign a
parameter for bunch quality is through the introduction of
a beam brightness, defined as

Charge - Exin
Duration - (AEyin/Ekin) - Emittance’
ey
where Ey;, is the electron kinetic energy with spread
AEyin, and where the emittance represents the transverse
emittance.

Each of the parameters listed in Eq. (1) needs to be
measured and controlled for optimized accelerator perfor-
mance. The work presented in this paper will address char-
acterization of the temporal bunch duration, with the em-
phasis on bunches of ultra-short (femtosecond) duration.
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Figure 1: The technique of electro-optic sampling (EOS)
can be applied to either the direct electron beam, or on the
coherent radiation emission (typically at THz frequencies)
that is produced by the electron bunch.

The temporal charge profile of an electron bunch can be
labeled as Q(t). The Fourier transformation of this profile
is given by Q(w) = [ dtQ(t) exp (—wt), where w = 27v,
with v the frequency and w the angular frequency. The
spectral profile Q(w) is complex (real and imaginary parts)
and can be expressed as

Qw) = |Q(w)]e), )

where |Q(w)] is the absolute spectrum and ¢(w) the spec-
tral phase. Note that only through measurement of both
|Q(w)| and ¢(w) can the temporal profile Q(t) be fully re-
constructed.

As illustrated in Fig. 1, there are two paths to charac-
terize the temporal duration of an electron bunch. The
first path focuses on measurement of the field profile of
the bunch itself (labeled as “Direct e-beam”), while the
other path focuses on the emission of electro-magnetic ra-
diation by the electron bunch. The mechanism for radia-
tion emission can be transition radiation, diffraction radia-
tion, Cherenkov radiation, Smith-Purcell radiation, or syn-
chrotron radiation, among others. Since properties of the
electron bunch duration are present in the emitted electro-
magnetic pulse, analysis of the radiation can lead to tem-
poral bunch characterization.

The radiation can be categorized, see Fig. 1, as inco-
herent radiation (at wavelengths shorter than the bunch
length) and coherent radiation (at wavelengths longer than
the bunch length). It was demonstrated by Catravas et
al. [1, 2] that through fluctuation interferometry of the
incoherent radiation one can estimate the pulse duration.
Also, a (sub)picosecond streak camera can be used to de-
tect the pulse duration of the incoherent light [3]. Most



other radiation-based techniques focus on the coherent part
of the spectrum, which is typically intense since it scales
with the square of the number of electrons (while the in-
coherent part only scales linearly with the number of elec-
trons). It has been shown that the field E.op(w) of the co-
herent component of the spectrum can be described as

E.on(w) x Q(w)D(w), 3)

where D(w) describes the effects of diffraction. The func-
tion D(w) approaches D = 0 for long wavelengths and
approaches D = 1 for short wavelengths. For example,
for transition radiation, the function D(w) was described
by Schroeder et al. [4]. In Fig. 2 a coherent transition ra-
diation pulse in the frequency domain (left) and in the time
domain (right) is plotted for an electron bunch of duration
Te =50 fs [root mean square (rms)], based on the definition
Q(t) = exp [—t2/(272)]. The diffraction [4] was based on
a 500-pm transverse boundary size of the emission emit-
ter. Note that the electric field profile of the coherent ra-
diation pulse is almost identical to the field profile of the
charge profile in both the time and frequency domain, ex-
cept for the effects of diffraction. Diffraction will attenuate
the spectrum at lower frequencies (see left plot in Fig. 2),
while in the time domain a long negative field wing is in-
troduced (see right plot). Through diffraction the condition
J dtEcon(t) = 0 is met, which is a condition required for
any type of electro-magnetic radiation.
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Figure 2: Example of a coherent radiation pulse (red solid
curve) emitted from a 50-fs (rms) electron bunch. The left
plot shows the similarity in the frequency domain (the dif-
ference is the attenuation due to diffraction at low frequen-
cies), while the right plot shows the similarity in the time
domain (the difference is the appearance of long-timescale
negative field wings).

The spectrum on the left side of Fig. 2 also illustrates that
both the charge profile and the coherent radiation pulse for
a femtosecond electron bunch have spectral components in
the terahertz (THz) regime. Therefore, both the electric
field profile of the electron bunch and the coherent radiation
pulse will share the same label “THz pulse” in the next
sections of this paper, with field profile Er,(t).

Several techniques exist for analyzing the absolute spec-
trum of the coherent radiation (and missing the spectral
phase), such as spectral measurements with a far-infrared
spectrometer (also referred to polychromator) [3, 5] or a
Michelson or Martin-Puplett interferometer [3, 6, 7]. A

more recently developed diagnostic technique is electro-
optic sampling (EOS) [8, 9], which is a laser-based tech-
nique. This technique offers unique advantages, which in-
clude

e Temporal resolution on the order of 10’s of femtosec-
onds

Non-destructive to the electron beam
Room-temperature operation (no bolometers)
Single-shot capabilities

Measures relative timing to other pump/probe beams
Yields exact charge profile Q(¢), and not just |Q(w)|

As mentioned earlier, see Fig. 1, the temporal profile of
an electron bunch can also be obtained through techniques
measuring directly the field profile of the bunch. Examples
are the radio frequency (RF) zero-phasing method [10, 11]
(also referred to as the RF streak method), or laser-electron
interaction experiments such as laser-induced electron de-
flection [12]. In addition to being applied to coherent radi-
ation, EOS can also be applied directly to the electric field
of the electron beam, as shown in the diagram in Fig. 1.
Again, the same set of advantages for EOS as itemized ear-
lier are valid. Note that EOS on the electron beam directly
has to occur in situ (in the vacuum chamber), while coher-
ent radiation could easily be transported out of the vacuum
chamber to any location of choice, making it easier to ac-
cess the EOS setup. Of course, by setting up a radiation
beam path, issues such as clipping, aberrations, dispersion
in transmissive optics, and spectral-dependent reflectivity
have to be considered and could potentially effect the anal-
ysis [13].

BASICS OF ELECTRO-OPTIC SAMPLING

In electro-optic sampling [8, 9], the THz pulse (as men-
tioned before, this could refer to the electron bunch or the
coherent radiation pulse since both have frequency com-
ponents in the THz domain) induces a change in index
of refraction in an electro-optic crystal. This change can
be measured by a near-infrared (NIR) laser pulse Fy (t).
The electro-optic effect is a second-order nonlinear or x(*
effect. The EO crystal, having no or little birefringence
in absence of THz fields, will become birefringent upon
presence of a THz pulse. The birefringence can best be
described by the index ellipsoid. This effect is sketched
in Fig. 3. In this paper, the family of EO crystals of cut
<110> is considered, for which the crystal axis (2’ axis)
lies in the plane of the cut. The relations between the crys-
tal’s 2’ axis, the THz field polarization vector, and the ma-
jor and minor axes of the induced index ellipse are well
described by Chen et al. [14].

Since the THz pulse field strength is time-dependent
[ETi,(t)], the change in index ellipse will also follow
the THz pulse temporal profile. The change in index el-
lipsoid will leave an imprint on the accumulated phase
of the laser pulse. The polarization of the laser pulse
can be expressed in the coordinate system of the index
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Figure 3: Overview of the field and crystal vectors involved
in EOS. For <110> cut EO crystals, the crystal axis (or 2’
axis) lies in the crystal cut (crystal plane). Depending on
the THz pulse field strength, the index ellipsoid for a NIR
laser changes from circular (no birefringence) to elliptical,
with major and minor axes z and y, respectively. The rota-
tion orientation of the index ellipse is a function of the THz
field vector with respect to the crystal 2’ axis.

ellipse y and z, see Fig. 3. We therefore can define
EL(t) = Epoexp (—wot)exp [—t2/(272)], with 77, the
laser pulse duration (rms), and Er o = E, exp (1¢0,y) ez
+E, exp (1¢0,2) e.. The polarization phase components
¢o,y and ¢ . reflect the polarization state (linear, ellipti-
cal, or circular) and are constants determined by the opti-
cal elements in the laser’s optical path such as quarter- and
half-wave plates.

During propagation through the EO crystal, the change
in index of refraction dn, along the ellipsoid axes z, as well
as dn, along the ellipsoid axes y, is [14]

3 E ”

on, = w (cosqb +4/1+ 3sin’ (;S)
3rnF

ony = w (cosd) —4/1+ 3sin? (;3)

with ¢ the angle between the crystal 2’ axis and the THz
polarization. In this paper we will consider ¢ = 7/2, in
which case the axes z and y are at 45 degrees with respect
to the crystal 2’ axis [14]. Also, r4; is the electro-optic
coefficient of the EO crystal and ny is the index of refrac-
tion at the central wavelength of the NIR pulse. The EO-
induced phase shift for the laser’s polarization component
along axis j of the ellipse is given by d¢; = on;L2m/\o,
with A\g = 800 nm and L the EO crystal thickness.

Since ETp, in Eq. 4 has a temporal dependency one
might at first sight expect the phase shift along the ellipse
axis to be simply d¢;(t) x Eru,(t). However, several
crystal effects can not be overlooked. Think of 1) absorp-
tion of some THz frequencies, 2) dispersion of the THz
pulse, and 3) a velocity mismatch between the laser’s group
velocity and the individual THz phase velocities. These ef-
fects can best be described by a crystal transfer function
Terystal(w). The actual phase shift along axis j is defined
as I';(¢). In order to relate I'; (¢) to Erp,(t) and Terystal, it
is easiest to operate in the frequency domain, in which case

“

[8, 15]
2m
FJ' (w) = TL(S’IZJ (W)Tcrystal(w)7 (5)
0
with én; defined by Eq. (4). It was shown [15] that
Terystal (w) is mainly dependent on the real and imaginary
index of refraction of the EO crystal in the THz regime, and
is given by
2 _exp [tL(ng — nrH,)%] — 1

1+ n7n, 1% (ngr — NTH)

Tcrystal (w)

(6)
with ng, the group velocity of the laser and nrty, =
nru,(w) the complex index of refraction.

To summarize the previous discussion, let’s label the
modulated laser field as Fj;(t). The field projections of
E(t) along the y and z axis are Eagy(t) and Eagy(t).
The field projection Ey ;(t) is given by

Enj(t) = Ep ;(t)et ® )

Note that a more detailed theoretical description has been
written by Jamison et al. [9]. Here the modulated
field profile was found to be Ear;(t) = FEr;(t) +
4 1EL;(t)-T;(t)]. For THz frequencies much smaller
than wy = 2mc/ Ao, and for THz-induced EO phase retar-
dations less than 1 rad, this expression reduces to Eq. (7).
It is therefore important to note that the expressions used in
this paper are following those two assumptions.

There are a large variety of experimental configurations
possible that detect the added phase term I';(¢). The laser
can have arbitrary polarization (linear, elliptical, or circu-
lar), its polarization vector can be at any arbitrary angle
with respect to the index ellipse, and/or a polarizer can be
added after the EO crystal. The next two sections will be
devoted to various techniques that allow the user to mea-
sure I'; (t), leading to Ern,(t) and Q(t). In both sections,
the phase dependent time I'; (¢) will be converted to an in-
tensity modulation on the laser envelope. The first section
will focus on techniques where the intensity-modulated
laser beam is analyzed in the time domain, while the sec-
ond section will focus on analyzing the modulated laser
pulse in the frequency domain through measurement of the
spectrum of the laser pulse.

ELECTRO-OPTIC SAMPLING IN THE
TIME DOMAIN

The EOS schemes described in the remaining sections
are based on the laser propagating through an EO crystal,
oriented such that the major laser polarization axis, as indi-
cated in Fig. 4, is at 45 degrees with respect to the ellipsoid
axes. In Fig. 4 the laser polarization state is linear or ellipti-
cal, but with conservation of generality the case of circular
polarization can be considered as well. The only differ-
ence between the various polarization states is the ratio of
the field amplitudes £, and E, as well as the difference in
phase |¢o,y — ¢0,-|. As indicated in Fig. 4 the polarizer, po-
sitioned after the EO crystal, is only transmitting the laser
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Figure 4: In most EOS schemes the THz-induced laser
phase modulation is converted to a laser amplitude mod-
ulation. Typically, the laser’s major polarization axis is at
45 degrees with respect to the index ellipsoid axes y and z.
After propagation through the EO crystal, the laser beam
passes through a polarizer (also referred to as analyzer),
which only transmits the polarization component perpen-
dicular to the incident laser’s major polarization axis.

fields with a polarization component at 90 degrees with re-
spect to the polarization vector of the laser. It was shown
by Eq. (4), and using the geometry ¢ = /2, that the dif-
ference in index of refraction An(¢) is given by An(t) =
dn, —dny, = niry; Etu,(t). This leads to a net phase shift
following Eq. (5) of I'(w) = (27/Xo) LAN(w)Terystal (w)-
A simple construction of Jones matrices [16] describes the
evolution of the electric field vector (amplitude and phase)
through any optical system, such as polarizers, wave plates,
phase shifts induced in the EO crystal, etc. The Jones ma-
trices allow for calculation of the electric field Fj/(¢), and
intensity Ips(t) = |E(t)|?, of the laser passing through
the polarizer. For example, for circular polarizer laser light,
defined as Ey, = E, and |¢oy — ¢o,.| = 7/2, it can be
shown that

Ing(t) = Ip(t) - % [1+sinT(t)]. ®)

For linear polarized light, for which £, = E, and ¢¢,, =
¢o,-, the transmitted laser intensity (or energy) is now

I (t) = I (t) - sin? [T'(t)/2). )

Note that the sign information in this linear case is lost, al-
though the sensitivity (change in transmitted intensity for
a small THz field) has increased. In the next paragraphs,
various experimental techniques to measure Ip/(t) [and
therefore I'(¢)] will be considered. For simplicity we will
assume a circular polarization state of the incoming laser
pulse.

Scanning technique

In the first and simplest technique, the laser pulse length
71, is short compared to the THz pulse length. Typically,
laser pulse lengths of few tens of fs can easily be delivered

to the EO crystal. A photo-diode can measure the time-
integrated laser energy Igiode o [ dtIp(t) that has passed
through the polarizer. The diode signal (measuring energy
I) versus time delay between laser and THz pulse, follow-
ing Eq. (8), is then given by

Lutone(7) / ALt — 1) - % [+ sin[(1)]

10)

1

% [1+sinT(7)],

where the second step is only valid for sufficiently short
laser pulse lengths. In reality, the effect of the non-zero
laser pulse length will come into play through the Fourier
transformation of the envelope of the laser pulse inten-
sity, Of Ieny(w) = [dtexp (—t?/77) exp (—wwt). In first
approximation, the retrieved EO profile I'(w) is in fact
I'(w)Ieny(w). The measurement of I'(7) needs therefore
to be corrected for the laser pulse envelope. For example, a
laser pulse with a rms (field) pulse duration of 77, = 30 fs,
and thus an intensity full-width-at-half-max of 27, \/F =
50 fs, will result in a spectral cut-off [half-max of I,y ()]
in the THz domain around v = 9 THz.
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Figure 5: Example of a scanning EOS measurement of co-
herent radiation [Sgo(7) = Iaiode(7)]. The radiation, to-
gether with the laser pulse, was focused on a ZnTe crystal.
The data was published by van Tilborg ef al. [17]. It was
based on THz radiation from a laser wakefield accelera-
tor. The inset shows the Fourier transformation of the data.
The red curve is a fit based on a Gaussian electron bunch
of length 50 fs (rms).

An example of a scanning measurement is presented in
Fig. 5, published by van Tilborg er al. [17]. The data was
taken on coherent transition radiation from a laser wake-
field accelerator. The laser and THz beams were focused
onto the EO crystal, such that the THz field strength was
optimized and spatial overlap of the laser and THz profile
was guaranteed. The Fourier transformation of the data is
plotted in the inset. The data is also fitted with a modeled
EO-modulated profile from a 50 fs (rms) electron bunch.
Note that the sharp cutoff in the data at 4 THz is due to
the crystal transfer function of 200-pm-thick ZnTe crystal.
Note that the form factor Q(v) a 50 fs (rms) electron bunch
has a spectral half max at v = 3.7 THz, which falls just
within the bandwidth of the ZnTe crystal. This limits the
use of ZnTe crystal to bunches longer than ~50 fs (rms).



Because of the scanning nature of this technique, its suc-
cess relies intrinsically on the stability of the electron ac-
celerator and THz emission properties. Note that the use of
elliptical or circular polarized laser light, see Eq. (8), yields
sign-resolved THz field information. In the case of probing
directly the fields of the electron bunch, this is not relevant
and linear polarized laser pulses can be applied, which is
more favorable since the polarizer throughput scales more
dramatically with THz field strength in this configuration.

Since most accelerators do not possess excellent shot-to-
shot reproducibility, either in the electron bunch properties
or in the arrival time with respect to the laser, single-shot
EOS techniques are strongly favorable. The next few sec-
tion will introduce several single-shot detection schemes.

Spatio-temporal mixing or echelon-based tech-
nique

Single-shot

THz field
L (@w)

Multishot scan

5 10
Delay [fs]

—— Time

Echelon 2
Echelon 1

Output
multibeamlets

Figure 6: Overview of the experimental results from Kim
et al. [18], in which two echelons (see left illustration)
where used to create a series of beamlets out of the laser
beam. Since each beamlet overlaps at the THz focus with
a different time delay , the THz temporal profile (see figure
top right) is imprinted in the spatial laser profile in the far
field (see figure bottom right).

A simple extension of the previous technique is a tech-
nique demonstrated by Kim er al. [18]. Just as in the
scanning geometry, a short laser pulse is used. However,
through a combination of two echelons, see left part of
Fig. 6, an array of beamlets is created out of the laser laser
beam, each with a specific delay time. This is a direct con-
sequence of the fact that each beamlet propagated through
a different thickness of material in the echelons. Once this
collection of beamlets is focused onto the EO crystal, each
beamlet is overlapped with the THz pulse, but at a different
relative temporal delay. In the far field, after propagating
through a polarizer, the beamlets spread out again spatially
and can be imaged by a camera, see the bottom right im-
age in Fig. 6. By plotting the modulated measured energy
of each beamlet a full THz profile can be reconstructed,
see the top right part of Fig. 6. The retrieved waveform is
compared to a waveform obtained with a standard scanning
technique.

This technique is labeled as “spatio-temporal mixing
technique” because the beamlets, which split up the larger
laser beam into little spatial domains, represent different

temporal delays at focus. The technique has not been ap-
plied yet to direct electron bunches or THz pulses produced
by electron bunches, but was demonstrated [18] on a laser-
based THz source. The same comments for the temporal
resolution as for the scanning technique are valid, namely
a resolution limited by the laser pulse length. Note that
for ultra-short laser pulses (<30 fs), the beamlet-dependent
dispersion through the echelons has to be accounted for and
might limit its application.

Non-collinear cross-correlation between THZ
and laser pulses

Early Later
THz pulse — A ' N_’
. Time J

Space,y
EO
crystal Spatial
laser modulation

Figure 7: Illustration explaining the basic concept of non-
collinear cross-correlation, in which the propagation vec-
tors of the THz pulse and laser pulse are tilted with respect
to one other. At early times (see left image), only a fraction
of the transverse profile of the laser pulse is overlapped in
the EO crystal with the front of the THz pulse. At later
times (see right images), the overlap is occurring for a dif-
ferent spatial part of the laser beam, and the overlap also
occurs at a different time slice of the THz pulse. Therefore,
the temporal THz profile is imprinted on the spatial trans-
verse intensity profile of the laser, which is an easy feature
to measure with a camera.

Laser pulse

Another single-shot technique that measures the THz
modulation in the time domain is intrinsically based on
non-collinear propagation of the THz pulse and the laser
pulse onto the EO crystal, see Fig. 7. It is important that
neither the laser beam nor the THz pulse are focused, but
remain collimated. In fact, we have to assume that both
beams have no spatial-dependent field features. At a spe-
cific moment in time, see for example the left plot in Fig. 7,
the THz field in the EO crystal overlaps with only a spatial
fraction of the laser pulse. There is direct correlation with
the transverse spatial position within the laser beam and
the relative time delay between both pulses. For example,
subsequent plots in Fig. 7 show that different transverse
spatial regions in the laser beam correspond to different
relative delays. Therefore, by measuring (after propagat-
ing through a polarizer) the transverse energy distribution
of the laser profile, a complete temporal THz profile can be
reconstructed.

This technique was demonstrated on a laser-based THz
source by Shan et al. [19], and demonstrated on the THz
fields (direct electron beam) from an electron accelerator
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Figure 8: THz profiles obtained through the non-collinear
cross-correlation technique, measured by Cavalieri er al.
[20]. The electric fields of the electron bunch were mea-
sured directly by propagating the electron bunch close to
the EO crystal. Each profile in the figure corresponds to a
different accelerator tuning setting.

by Cavalieri et al. [20], as shown in Fig. 8. The electron
bunches that they characterized were found to have a min-
imum pulse length of 270 fs. Another advantage of this
technique is the relative large single-shot temporal window.
For each shot, one not only gets the charge profile, but also
the relative timing with respect to the laser pulse. Just as
in the previous two subsections, time resolution is limited
only by the laser pulse length. Disadvantages of this tech-
nique could be the reliance on a uniform transverse THz
and laser profile. Also, the EO effect could be weak due
to the lack of focusing. However, in case of measurement
on the electron beam directly this last point is less critical
since the electron bunch is typically dense with large trans-
verse fields.

Non-collinear cross-correlation between laser
and THz-modulated-laser pulses

THz pulse
¥
Lensr ; Pollanzer 1,0
1 v Long probe beam 1
ZnTe
or GaP R — Lo
Short probe beam 2
Lens l
M4 plate

Analyzer

Figure 9: Overview of the setup for single-shot detec-
tion based on the non-collinear cross-correlation of a short
laser beam (probe beam 2) and a long THz-modulated laser
beam (probe beam 1). Through frequency doubling in the
BBO crystal, the THz imprint on the envelope of probe
beam 1 can be recorded by a camera in a single-shot.

Another non-collinear cross-correlation scheme was
proposed by Jamison at al. [21] and demonstrated on elec-
tron accelerators by Berden er al. [11, 22] and van Tilborg

et al. [13]. This technique is closely related to the previ-
ous cross-correlation technique, but there are a few critical
differences. First of all, the laser beam incident on the EO
crystal is now much longer than the THz pulse, see Iy(t)
in Fig. 9. This can be achieved by either suppressing the
bandwidth of an ultra-short laser, or by chirping the laser.
The laser and the THz radiation are both focused on the EO
crystal for maximum EO effect. After propagating through
the polarizer, see Fig. 9, the THz-modulated-laser beam has
a time-dependent intensity modulation I/ (¢) as defined by
Eq. (8). In second stage, the intensity-modulated long laser
pulse can be measured in a single-shot with a second laser
probe beam I5(t), which is now short (tens of femtosec-
onds), based on the same non-collinear cross-correlation
geometry as discussed in the previous section. The sec-
ond probe beam will define the temporal resolution of this
technique. Through non-collinear frequency doubling in a
BBO crystal, the spatial profile of the frequency-doubled
beam I, (y) as measured by a CCD camera, contains the
THz imprint on probe beam I, or

Tow(y) = T (7)
1 .
_ /dtlg(t 1) To(t)5 [1+sinT®] (g
1
~ IO(T)E [1+4sinD(7)],
By measuring the blue profile, and dividing it by a refer-

ence profile when no THz radiation was present, the THz
profile I'(¢) can be retrieved.
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Figure 10: Data from van Tilborg et al. [13] using the non-
collinear cross-correlation scheme between a short laser
and a longer THz-modulated laser pulse. The left image
shows a measurement on a ZnTe crystal, while the main
figure on the right shows a GaP measurement. The Fourier
transformation in the inset indicates the presence of THz
radiation up to 7-8 THz. The red curve is a fit based on
THz radiation from a 45 fs (rms) electron bunch.

Results from this technique, measured by van Tilborg
et al. [13], are shown in Fig. 10. The data presented in
Fig. 10 was obtained with the same accelerator of which
scanning data was presented in Fig. 5. The left plot show a
single-shot trace with a ZnTe crystal, while the right plots
are based on EOS in a GaP crystal. The red curve for the
right plots was based on modeled THz radiation from a 45
fs (rms) electron bunch. Note that the GaP crystal does not
have a cut-off around v = 4 THz like ZnTe, but can resolve



the full THz spectrum up to v = 8 THz. The measured pro-
file for I'(t) is in reality of convolution of the actual I'(t)
with the laser pulse envelope of the second short laser probe
Ieny,2, and has to be taken into account. This technique
seems to deliver all the necessary information in a single-
shot. One can study shot-to-shot fluctuation in charge pro-
file, or in timing jitter. Disadvantages of this technique are
its complexity, resulting from a geometry based on 3 beams
and 2 nonlinear crystals. Also, the power balance of the two
laser beams is critical in order to obtain a clean frequency-
doubled image but without damaging the EO crystal.

ELECTRO-OPTIC SAMPLING IN THE
LASER’S FREQUENCY DOMAIN

Another set of techniques relies on measuring the spec-
trum of the THz-modulated chirped laser beam. Both the
THz and laser beam are focused on the EO crystal. In these
geometries an ultra-short laser is chirped to a pulse length
much longer than the THz pulse. The expression for the
electric field of the incident laser profile is given by

(1—b/2)t2

ELJ‘ (t) :e_; exp (ZQﬁQJ) exXp l:m
FL

} exp [wot],

12)
with b the chirp parameter and 7y, the rms Fourier lim-
ited pulse duration. The actual rms pulse duration is 77, =

7rLy/ (1 + b2/4). Note that the instanteneous frequency
winst (t) of the chirped laser pulse is given by

b

272 (14 02/4) " (13)

Winst (t) = Wo -+

Just as mentioned earlier, after propagation through the
EO crystal, an extra phase shift is introduced, leading to
a modulated laser pulse Eps ;(t) = Er ;(t) - exp [oT';(t)].
Although the information on the THz profile could po-
tentially be retrieved by measuring the power spectrum
|Ens,j(A)]? of the phase-modulated laser probe, the tech-
niques described in this paper rely again on the conversion
of the phase modulation to an amplitude modulation. Just
as in last section, this can be done by using the polarization
geometry of Fig. 4, and using a polarizer. This results in
a time dependent intensity oscillation on the chirped laser
pulse, as sketched on the right part of Fig. 11.

Spectral encoding for ps-type THz pulses

The simplest technique based on THz-pulse retrieval
from the laser spectrum is only applicable for THz frequen-
cies v for which |/7rL,7L < 1/v. For example, an electron
bunch of length 400 fs (rms) contains THz frequencies up
to 0.5 THz (spectral half-max at v =0.46 THz). By us-
ing a laser pulse of 7, =3.5 ps duration, from a Fourier
limited pulse length of 7w, = 50 fs, one can see that this
requirement is met (indeed 418 fs < 2 ps). This example
is shown in Fig. 11. The THz pulse is plotted in the top
left graph. The orange curve in the inset of the bottom left
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Figure 11: The right images show the intensity modula-
tion of a THz pulse on the envelope of a chirped long laser
pulse. The THz pulse itself is plotted on the top left plot,
based on a electron bunch of 400 fs (rms) length. The
spectrum of the modulated laser pulse Ips(\) is shown in
the bottom left graph. Through a conversion of parame-
ters A — t* (based on a linear chirp rate), it can be shown
that the normalized spectral modulation is identical to the
original THz pulse.

graph shows that laser spectrum without THz modulation,
while the red curve is plotted with EO modulation con-
sidered. The normalized difference between both curves
[Tar(N) — I (N)]/IL()) is also shown in the main figure
on the bottom left.

It was shown by several groups [23, 24] that the mod-
ulated spectrum can be converted back to the time domain
based on the conversion A — ¢*, with A = 27wyt /c based
on Eq. (13). This conversion leads to the measurement of
Ing(A) — Ip(t*). Since we know the relation of Ips(t*)
to I'(¢*) through Eq. (8) we have reconstructed a complete
sign-resolved THz profile. Indeed, the red curve in Fig. 11
is identical to the original THz profile after the conversion
A — t* based on Eq. (13).

5_0'2-5-4-3-2-101 2345

Time [ps]

Figure 12: Data from Wilke et al. [25] based on the single-
shot measurement of the spectrum of a THz-modulated
laser pulse (71, = 30 fs and 7, = 4.5 ps). The wavelength
axis has been converted to a time axis based on Eq. (13).
The electron bunch was found to have a length of 1.7 ps
(FWHM).

An example of this technique is plotted in Fig. 12. The



data, published by Wilke et al. [25] was taken on the elec-
tric field of the electron bunch directly. The parameters for
the laser were T, = 30 fs, 7, = 4.5 ps, and the retrieved
bunch length had a duration of 1.7 ps. The wavelength axis
of the plot in Fig. 12 has already been converted to a time
axis through the A — ¢* conversion based on Eq. (13).

Although the time resolution for the spectral encoding
technique is limited to several hundreds of femtoseconds,
this technique is otherwise quite advantageous. It relies
on only one low-power laser pulse and only one nonlinear
crystal (the EO crystal), and the alignment onto the spec-
trometer is fairly straightforward. The full THz field pro-
file (amplitude and phase) is reconstructed in a single shot
through a simple parameter conversion A — t*. A calibra-
tion can be easily applied by adding a know temporal delay
between the THz and laser pulse and observing the spectral
shift.

Spectral encoding for fs-type THz pulses

Unfortunately, the previous analysis breaks down if
THz frequencies are present in the THz pulse for which
VTrL7TL < 1/v is no longer valid. This is the case for
electron bunches shorter than 500 fs. An example of the
breakdown is shown in Fig. 13, where an electron bunch
of 50 fs (rms) is plotted as the solid curve in the left plot.
The top right image in the right plot again shows a sketch
of the time-dependent intensity modulation, while the in-
set on the left of the same figure shows the modulated
laser spectrum (red curve) versus the original laser spec-
trum (orange curve). The normalized difference between
both curves [Ips(A) — I (N)]/IL()) is shown in the main
plot of the right figure. As one can see, upon conversion of
wavelength to time, the retrieved profile I5;(¢*) does not
resemble the original THz profile at all, mainly due to the
presence of spectral oscillations.

1
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Figure 13: The left plots shows the THz profile of a 50 fs
(rms) electron bunch. The spectrum Ip7()) of the THz-
modulated laser pulse is plotted on the right. Due to the
short bunch duration, the spectrum shows heavy modula-
tion. Upon conversion of A — t*, the retrieved profile
I/ (t) does not resemble the original THz profile.

It was shown theoretically by Yellampalle et al. [26],
and demonstrated experimentally on laser-produced THz
pulses by Kim et al. [27], that an algorithm can by applied
on the heavy modulated spectral interferogram in order to
retrieve the original THz pulse. The algorithm is based on
detailed knowledge of the chirped laser beam (chirp param-

eter, Fourier-limited pulse length, and pulse shape). It has
to be pointed out that the algorithm is ill-posed and highly
susceptible to noise, as was stated by Kim et al. in a com-
ment in a later paper [18].

Spectral encoding for fs-type THz pulses: spec-
tral envelope information

An extension of the previously-mentioned spectral en-
coding technique into the high-temporal-resolution domain
(no algorithms) does exist [28], and will be discussed now.
Although the phase information of the THz pulse is lost, its
spectral envelope is retrieved in a single shot with a spectral
dynamic range only limited by the inverse Fourier-limited
laser pulse length 1/7p1,. It is the spectral envelope that
provides an indication of the bunch duration, therefore a
useful and critical parameter to measure.
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Figure 14: (a) Modeled spectral interferograms Iy, norm ()
for various parameters for 7pr, 0, and b. Through the
wavelength-to-time parameter substitution A — ¢* in
Imnorm () the function I, inet(t*) is obtained, with its
Fourier transformation |1, jnst (2*)| plotted in (b). The en-
velopes of the three solid curves in (b) match the original
THz spectrum |T'(v)| (black dashed curve).

Modeled spectral interferograms are depicted in
Fig. 14(a). For these curves the profile I'(t) was mod-
eled based 100 fs (rms) Gaussian electron bunches [for
simplification crystal effects are momentarily ignored
(Terystat = 1)]. The amplitude of I'(¢) was set at 0.1 rad.
The blue curves in Fig. 14 correspond to various parame-
ters for Fourier limited pulse duration, laser polarization,
and the chirp parameter (7yr,0,b) = (40 fs,7/4,150),
the red ones to (50 fs,7/16,150), and the gray ones to
(50 fs, w/16, 250).

Through Eq. (13) one can convert the wavelength pa-
rameter (A = 2mc/winst) to the time axis t*. Doing so for
I norm(A), defined as [Ipr(A) — I (A)]/IL(X), the new
profile is labeled as Iy inst (t*). A Fourier transformation
Of I inst (t*) yields |Ii inst(v*)|. The absolute spectra
| Im,inst ()] for the three curves of Fig. 14(a) are plotted
in Fig. 14(b). Also plotted in Fig. 14(b) as the black dashed
curve is the THz spectrum |I'(v)|. One can see that the
envelopes of the oscillatory curves |l inst (V)| match the
THz spectrum |T'(v)|. It is because of this matching that



analysis of the spectral interferogram results in single-shot
information of the THz spectrum. This new result has been
extensively studied and is found to be true for a wide pa-
rameter range for b, the amplitude of I'(¢), 71, 7pr,, and
Te, providing that 7. > 7y, and that T'(¢) does not exceed

~ (.3 rad.
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Figure 15: Data from van Tilborg et al. [28]. Experimen-
tally obtained modulated laser spectra I (), are normal-
ized [yielding Iy, norm ()] and plotted in (b) and (d). After
the coordinate substitution A\ — t* [yielding I inst (£%)],
the Fourier-transformed curves |1, inst ()] are plotted in
(a) and (c). Also displayed in (a) and (c) as the black dashed
curves are the THz spectra |I'(v)|, based on coherent emis-
sion from a 50 fs (rms) electron bunch. Modeled curves for
a 30 fs and a 70 fs bunch are also shown in (c) to highlight
the optimum fit for a 50 fs bunch.

In order to experimentally verify the modeled pre-
dictions, we applied the setup to the THz pulses from
the LWFA. Each modulated laser spectrum was recorded
with a 512x512-pixel 16-bit camera with a resolution of
0.11 nm/pixel. Two typical measured normalized spec-
tral interferograms I, norm(A) are plotted in Figs. 15(b)
and (d), based on a 200-pm-thick ZnTe and GaP EO
crystal respectively. The parameters for the probe laser
were independently measured with an autocorrelerator
and FROG and were found to be 7y1,=40 fs (rms) and
b=150. After the conversion Inoym(A) — Iinst (%), the
Fourier-transformed curves |l inst(v*)| are displayed in
Figs. 15(a) and (c). Also depicted in Figs. 15(a) and (c)
as black dashed curves is the spectrum of the THz pulse
IT(v)] = |Eras(V)Terystal(v)]. Here the crystal effects
[15] were not ignored. Note that the spectral cutoff [as can
been seen in the data in Fig. 15(a)] for the ZnTe crystal is
v =4.1 THz. The function T¢,ysta1(v) for GaP has a cut-
off at a higher frequency (v =8 THz). The black dashed
curves in Figs. 15(a) and (c) for |I'(v)]| are in good agree-

ment with the data [the envelope of |1y, inst (¥*)|]. The fit
was optimized by only varying 7, to 50 fs (rms).

SUMMARY

In summary, several electro-optic techniques have been
presented. In all techniques, the electric field profile of the
electron bunch (or the field profile of its coherent emission)
is imprinted onto a laser pulse after propagation through
an electro-optic crystal. While a scanning technique is
most sensitive to weaker THz fields, it intrinsically relies
on shot-to-shot reproducibility. Techniques based on non-
collinear cross-correlation do provide single-shot informa-
tion, but the complexity of the systems increases. By an-
alyzing the laser pulse in the frequency domain (through
measurement of the laser spectrum) the complexity is re-
duced. However, the THz pulse information is not directly
available, and post-processing of the data is required. Also,
either the time resolution, or the phase information is com-
promised.

Application of EOS to a given accelerator depends on
the specific goals and constraint available. Parameters such
as the required time resolution, the available laser energy,
the demands for online bunch length monitoring, among
others, will determine which technique works best.

For now, EOS seems the ideal technique for character-
ization of sub-picoseconds bunches with single-shot capa-
bilities. Several laboratories worldwide have implemented
EOS on their accelerator, and this number will grow as
the number of accelerators producing femtosecond bunches
steadily increases. Eventually, even the time resolution of
EOS (several tens of femtoseconds) will not be sufficient,
and a new family of techniques will need to be developed.

This work was supported by the U.S. Department of En-
ergy and the Defense Advanced Research Projects Agency
(DARPA).
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