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We propose and demonstrate an all-optical method to measure laser energy modulation in a
relativistic electron beam. In this scheme the time-dependent energy modulation generated from
the electron-laser interaction in an undulator is converted into time-dependent density modulation
with a chicane, which is measured to infer the laser energy modulation. The method, in principle, is
capable of simultaneously providing information on femtosecond time scale and 10−5 energy scale not
accessible with conventional methods. We anticipate that this method may have wide applications
in many laser-based advanced beam manipulation techniques.

PACS numbers: 29.27.Fh, 41.60.Cr

I. INTRODUCTION

Many advanced beam manipulation techniques require generation of energy modulation in beam phase space with
lasers, i.e. the laser slicing method for generation of femtosecond (fs) x-ray pulses in synchrotrons [1, 2], staged
laser accelerator with phase stable net acceleration [3, 4], laser-assisted beam conditioning [5], mode-locking for free
electron lasers (FELs) [6], optical replica synthesizer for characterizing beam longitudinal phase space [7], FELs with
external seeding for generation of fully coherent short-wavelength radiation [8–12], current-enhanced self-amplified
spontaneous emission FELs [13], beat-wave narrow-band THz emission from laser-modulated beams [14], etc. Accurate
measurement of the time-dependent laser energy modulation ∆E(t) is essential to achieve optimal performance of
these techniques.

The conventional method uses an rf transverse cavity (TCAV) (for measuring t) together with an energy spectrom-
eter (to determine E) to measure the time-dependent energy distribution of a relativistic electron beam [15–17]. In
the conventional method, the electron’s energy is converted to transverse position with a dispersive element and is
measured with a view screen. Limited by the intrinsic beam size due to the transverse emittance and the dispersion
function of the spectrometer, the energy resolution is about

√
εnβ/γ/η, where εn is the normalized emittance, β

is the beta function in the bending plane at the screen, γ is the relativistic energy, and η is the dispersion of the
spectrometer. Furthermore, when a TCAV is used to streak the beam in time, the transverse accelerating field in a
TCAV will increase the beam relative slice energy spread by

σδ =
εn

γc∆t
, (1)

where ∆t is the temporal resolution of the measurement and is defined as

∆t =
σ′λrfE

2πceV
. (2)

where σ′ is the intrinsic rms beam divergence in the streaking plane, λrf is the wavelength of the rf field, V is the
voltage of the TCAV, E is the beam energy and c is the speed of light. This growth in energy spread from the
TCAV further limits the resolution in measurements of slice energy spread and laser energy modulation, regardless
of the dispersion of the spectrometer. Obviously, if a strong streak is used to achieve a higher temporal resolution,
the energy resolution is worse. Henceforth, it is difficult to simultaneously achieve both high temporal resolution and
high energy resolution with this conventional method.

The work reported here pursues an all-optical method to measure the time-dependent laser energy modulation.
In this method, a dispersive element (i.e. 4-dipole chicane), typically required in most of the laser-based advanced
beam manipulation techniques, is used to convert the time-dependent energy modulation into time-dependent density
modulation, which is measured with a TCAV to infer the laser energy modulation amplitude. Because with this
method a particle’s energy is converted into longitudinal position before the beam passes through the TCAV and the
particles’ longitudinal positions do not change in the TCAV, it is immune to both the transverse emittance and the
transverse acceleration effects in the TCAV, allowing both high temporal resolution and high energy resolution to
be achieved simultaneously. The technique has been routinely used to provide accurate information for the energy
modulation in a recent echo-enabled harmonic generation experiment [18] performed at SLAC’s Next Linear Collider
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Test Accelerator (NLCTA). We anticipate that this method will find applications in many laser-based advanced beam
manipulation techniques.

II. METHODS

It is well known that when a laser interacts with a relativistic beam in an undulator, it generates sinusoidal energy
modulation in the electron beam. Consider a coasting beam with constant current of which the initial longitudinal
phase space distribution is f0(p) = N0(2π)−1/2e−p2/2, where N0 is the number of electrons per unit length, p =
(E − E0)/σE is the dimensionless energy deviation of a particle, E0 is the average beam energy, and σE is the
rms energy spread. For simplicity it is further assumed that the laser has infinitely long duration such that after
interacting with the beam in an undulator, the particle’s energy changes to p′ = p + A sin(kz), where A = ∆E/σE ,
∆E is the energy modulation amplitude which is also constant, k is the wave number of the laser, and z is the
longitudinal coordinate in the beam. The distribution function after the interaction with the laser becomes f1(z, p) =
N0(2π)−1/2 exp

[−(p−A sin kz)2/2
]
.

After passing through a chicane with momentum compaction R56, a particle’s longitudinal position changes to
z′ = z + R56pσE/E0 (where p now refers to the value at the entrance to the chicane), and yields the distribution
function

ff (z, p) =
N0√
2π

exp
[
−1

2
(p−A1 sin(kz − pR56kσE/E0))

2

]
. (3)

As a result of this transformation, the energy modulation is converted into density modulation. Accordingly, a beam
that initially has constant density now consists of many bumps equally separated by the laser wavelength.

Integration of Eq. (3) over p gives the beam density N as a function of z, N(z) =
∫∞
−∞ dpff (z, p). One important pa-

rameter that characterizes the density modulation is the bunching factor bn, which is defined as bn = 1
N0
|〈e−inkzN(z)〉|,

where n is the harmonic number, and the brackets denote averaging over the coordinate z. The bunching factor at
various harmonic numbers is [8],

bn = |Jn(nkR56∆E/E)|e− 1
2 n2k2R2

56σ2
E/E2

. (4)

Take the beam at SLAC’s NLCTA as an example, the beam energy is E = 120 MeV and the nominal beam slice
energy spread is σE = 1 keV. Assuming R56 = 6 mm for the chicane and λ = 795 nm for the laser, the bunching at
the fundamental frequency (n = 1) for various energy modulations is shown in Fig. 1.
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FIG. 1: Bunching at the fundamental frequency for various energy modulations.

Figure 1 shows that the bunching factor oscillates as a function of energy modulation, as dictated by the Bessel
function in Eq. (4). The bunching at the fundamental frequency peaks approximately when 2R56∆E/E ≈ (m+1/2)λ
and achieves the minima when 2R56∆E/E ≈ mλ, where m is a non-negative integer. The first peak of the bunching
at ∆E ≈ 4.66 keV, the second peak at ∆E ≈ 13.49 keV, and the third peak at ∆E ≈ 21.60 keV correspond to the
cases when the particles in the peak and those in the valley of the energy modulation initially separated by λ/2, 3λ/2
and 5λ/2 appear roughly at the same longitudinal position after passing through the chicane, as illustrated in Fig. 2.
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FIG. 2: Longitudinal phase space and current distribution when ∆E = 4.66 keV (a and d), ∆E = 13.49 keV (b and e) and
∆E = 21.60 keV (c and f), respectively. Particles initially within the same wavelength are marked with the same color.

In realistic scenarios typically a laser with finite duration is used to modulate the beam. Assuming a Gaussian laser
with rms pulse width σt, the energy modulation amplitude can be written as ∆E(t) = ∆E exp(−t2/4σ2

t ), where ∆E
is the peak modulation in the center of the laser pulse. In this case, the bunching factor depends on the longitudinal
position of the beam and the time-dependent bunching factor bn(t) is given by Eq. (4), with ∆E replaced by ∆E(t).
For a Gaussian laser with σt = 0.3 ps, given the same parameters used in Fig. 1 and a peak energy modulation of 15
keV, the bunching at the fundamental frequency for various R56 is shown in Fig. 3.

For small R56, when kR56∆E/E ¿ 1, we have b1(t) ∝ ∆E(t), and the time-dependent bunching has a similar
shape as the laser pulse (magenta line in Fig. 3). With a large R56 such that kR56∆E/E À 1, the bunching factor
will oscillate along the longitudinal direction (blue line and red line in Fig. 3). More peaks and dips will show up
as the R56 is increased. Alternatively, given some R56, more oscillations will occur if the peak energy modulation is
increased.

Since the energy modulations for the peaks and dips of the oscillations are well defined by the Bessel function in
Eq. (4) in the regime when energy modulation is much larger than energy spread (the exponential term in Eq. (4)
is close to unity), measuring the time-dependent bunching at a specific harmonic may allow one to obtain the time-
dependent energy modulation generated by a laser in a relativistic electron beam.
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FIG. 3: Time-dependent bunching at the fundamental frequency for various R56: magenta line for R56 = 0.4 mm; blue line for
R56 = 2.9 mm; red line for R56 = 3.8 mm; black line for the laser profile.

It is worth mentioning that while the above analysis focuses on n = 1, the time-dependent energy modulation can
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be obtained by measuring the time-dependent bunching for the higher harmonics (n > 1) as well. From a practical
point of view, it is desirable to choose the suitable n to facilitate the measurement. For instance, in the experiment
below, we have obtained the energy modulation from a 1590 nm laser by measuring the time-dependent bunching at
the 2nd harmonic of the laser, where sensitive detectors in the optical wavelengths are available.

III. EXPERIMENT

The experiment using the above proposed all-optical method to measure laser energy modulation is schematically
shown in Fig. 4. This experiment was conducted at SLAC’s NLCTA using the beam line developed for the echo-
enabled harmonic generation experiment [12]. The electron beam with about 20 pC charge is generated in a 1.6 cell
S-band photocathode rf gun with a frequency-tripled (266 nm) Ti:Sapphire laser and is boosted to 120 MeV with two
X-band linac sections. In this experiment, a 1590 nm laser was used to generate energy modulation in the electron
beam, and this energy modulation was converted to density modulation after a chicane. The density-modulated beam
was first streaked vertically with a 27-cell X-band TCAV, and then passed through a thin aluminium foil to generate
coherent optical transition radiation (COTR) at the laser frequency and its harmonics. The COTR intensity at the
2nd harmonic of the laser was measured and further used to infer the energy modulation.

FIG. 4: Schematic of the all-optical time-resolved measurement of laser energy modulation.

Using the procedures as described in [12], the electron beam was made to overlap with the laser both spatially and
temporally in the undulator (10 periods with a period of 5.5 cm and a K value of 2.09), so that effective beam-laser
interaction is achieved to generate energy modulation in electron beam. In this experiment, the beam energy spread is
less than 1%, well within the bandwidth of the undulator. Therefore, the detuning effect is negligible and the energy
modulation is solely determined by the laser intensity.

The TCAV was then used to imprint a time-dependent angular kick (y′ ∝ t) on the beam. After about 90 degrees
phase advance in the vertical plane, the angular distribution is converted to spatial distribution, and the vertical axis
on the OTR screen downstream of the cavity becomes the time axis (y ∝ t). The absolute time is calibrated by
scanning the TCAV phase (e.g., ±5.4 degrees) and recording the vertical beam centroid motion on the screen. The
calibration coefficient is about 180 fs/mm on the OTR screen. With the TCAV off, the rms beam size on the OTR
screen is about 230 µm, corresponding to a temporal resolution of about 40 fs in this experiment.

The electron beam temporal profile was first measured with the TCAV and the result is shown in Fig. 5. The head
of the bunch (direction of time) was identified by increasing the beam energy such that it has a shorter path length
in the chicane and thus enters the TCAV at an earlier time. The timing of the laser is adjusted in such a way that it
interacts with the central part of the beam.

To measure the radiation at the 2nd harmonic of the laser, a bandpass filter centered at 795 nm with a bandpass
of 160 nm is used in the measurement to block the radiation at other harmonics. The measured time-resolved COTR
signal for various R56 of the chicane is shown in Fig. 6.

It can be seen from Fig. 6 that more oscillations were generated when the chicane R56 was increased, and up to 6
oscillations were observed when chicane R56 was set at 7.2 mm. Note, the time-dependent COTR intensity in the 1-D
limit (γλ À σr, where λ is the radiation wavelength and σr is the transverse beam size) is proportional to I(t)2b2(t)2,
where I(t) is the beam current distribution. The current distribution has been measured to be a smooth function
as shown in Fig. 5; the oscillation of the COTR intensity in Fig. 6 is therefore attributed to the oscillation of the
bunching factor. When 3-D effects are taken into account, the COTR intensity also depends on beam transverse size
[19]. Since in this experiment the laser is much shorter than the beam, it only interacts with a short slice of the
beam. Therefore, it is justified to assume that the beam transverse size does not change dramatically in the region
of interaction and the differences in COTR intensity is dominated by the variations of the bunching factor. Figure 6
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FIG. 5: Beam current distribution (head of the bunch to the left).

FIG. 6: Time-resolved measurement of the COTR intensity at 795 nm (head of the bunch to the left). (a) with TCAV off and
R56 = 7.2 mm; (b)∼(g) with TCAV on and R56 set at 1.3 mm, 2.4 mm, 3.5 mm, 4.8 mm, 5.6 mm and 7.2 mm, respectively.

also indicates that the COTR signal is stronger in the head than in the tail. This is correlated with the fact that the
beam current is higher in the head.

Given R56 = 7.2 mm, the bunching factor at the 2nd harmonic of the 1590 nm laser for various energy modulations
is shown in Fig. 7. From Eq. (4) it is found that the first three peaks (marked as 1p, 2p and 3p in Fig. 7) of b2

correspond to energy modulations of 6.44 keV, 14.14 keV and 21.02 keV, respectively; and the first two dips (marked
as 1d and 2d in Fig. 7) of b2 correspond to energy modulations of 10.83 keV and 17.75 keV, respectively.

To retrieve the time-dependent energy modulation, the projected time-resolved COTR intensity in Fig. 6g is ob-
tained and shown in Fig. 8. Assuming the time-dependent energy modulation has a quasi-Gaussian distribution such
that it peaks in the center and decays monotonically in the head and tail, the order of the peaks and dips is identified,
as labeled in Fig. 8. The assumption of a quasi-Gaussian distribution for the laser modulation is justified because
typically a laser with a bandwidth close to the transform limit is used in the above-mentioned advanced beam manip-
ulation methods. However, it should be pointed out that if the energy modulation is imposed with a laser having a
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FIG. 7: Bunching at the 2nd harmonic of the 1590 nm laser for various energy modulations.

complicated shape (i.e. double-horn shape), the assumption does not hold and it may become difficult to accurately
retrieve the time-dependent energy modulation.
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FIG. 8: Projected time-dependent COTR intensity for Fig. 6g.

From Fig. 8 we obtain ∆E(t) at several discrete values and the retrieved time-resolved energy modulation is shown
in Fig. 9a. Accordingly, the peak energy modulation is quantified to be about 22.5 keV. Similarly, the temporal
profile of the 1590 nm laser is reconstructed (assuming the laser power is proportional to the square of the energy
modulation) and shown in Fig. 9b. The FWHM of the laser pulse is found to be about 0.7 ps. It should be pointed
out that the temporal resolution in the measurement of laser profile with this method is limited by the slippage effect
in the undulator (the corresponding resolution is about 50 fs in this experiment).

IV. SUMMARY AND OUTLOOK

In summary, an all-optical method has been demonstrated which allows time-resolved measurement of laser en-
ergy modulation on the electron beam. In this scheme, the time-dependent energy modulation is converted into a
time-dependent density modulation which is further measured and used to infer the amplitude of the laser energy
modulation. By converting E to z, the method becomes immune to both the transverse emittance and the transverse
acceleration effects in a TCAV. The method can also be used to measure the temporal profile of a laser pulse. It can
be especially useful for determining the pulse shape for those lasers where suitable nonlinear crystals are absent.

The temporal resolution of the technique is limited by the TCAV voltage and beam emittance. In principle,
increasing the TCAV voltage and reducing beam emittance should increase the resolution to a few fs. The energy
resolution of this method is ultimately limited by beam slice energy spread, because when energy modulation is
comparable to or smaller than the beam energy spread, the bunching factor will strongly depend on the slice energy
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FIG. 9: (a) Reconstructed time-dependent energy modulation; (b) Reconstructed temporal profile for the 1590 nm laser.

spread and one can not retrieve the energy modulation from the peaks and dips of the bunching. Taking advantage
of the small energy spread of our beam, an energy resolution of a few keV was achieved in this experiment.

The all-optical method proposed and demonstrated in this paper is expected to be able to simultaneously provide
information on fs time scale and 10−5 energy scale, and we anticipate that this method will find applications in many
laser-based advanced beam manipulation techniques.

Note added : After completion of this work, we became aware of a recent observation at the FERMI@Elettra FEL,
where a double-spectrum was generated when the seed laser energy was increased [20]. We believe this observation
is similar to that in our experiment, and it can be explained with the time-dependent bunching of which the central
part of the beam is overbunched and the bunch head and tail are optimally bunched to give the two peaks.
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