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The longitudinal space-charge amplifier has been recently proposed as an alternative to the free
electron laser instability for the generation of intense broad-band radiation pulses (Phys. Rev. ST
Accel. Beams 13, 110701 (2010)). In this Letter we report on the experimental demonstration of
a cascaded longitudinal space-charge amplifier at optical wavelengths. Although seeded by electron
beam shot-noise, the strong compression of the electron beam along the three amplification stages
leads to emission of coherent undulator radiation pulse exhibiting a single spectral spike and a single
transverse mode. The on-axis gain is estimated to exceed four orders of magnitude with respect to
spontaneous emission.

The successful lasing of the LCLS [1] and SACLA [2]
free-electron lasers (FELs) has established the high-gain
FEL as the brightest source of monochromatic, hard x-
rays, allowing the exploration of nature with unprece-
dented temporal and spatial resolution [3, 4]. While the
narrow bandwidth of FELs is a desirable feature in appli-
cations such as imaging and spectroscopy, it ultimately
limits the ability of the FEL to generate few-cycle pulses
for ultra-fast experiments. As an alternative, the longi-
tudinal space-charge amplifier (LSCA) has recently been
proposed as a powerful broad-band coherent radiation
source [5]. In a LSCA, a relativistic electron beam (e-
beam) becomes modulated in density (i.e, microbunched)
by the interaction with its own collective space-charge
forces, combined with longitudinal dispersion in trans-
port. This microbunching instability process was first
identified as a detrimental effect in the context of FEL
injectors [6–12]. However, as pointed out in [5], it can
be optimized and cascaded through several amplification
stages to yield strong microbunching for the emission of
intense broad-band coherent light. Due to its unique
spectral properties, the LSCA is a natural candidate for
the generation of intense attosecond radiation pulses [13].
Furthermore, the LSCA presents several advantages in
terms of compactness and robustness to non-ideal beam
conditions.

In this Letter, we report on the experimental demon-
stration of the LCSA as a new type of broadband, fully
coherent radiation source at the Next Linear Collider
Test Accelerator (NLCTA) of the SLAC National Ac-
celerator Laboratory. Our experimental setup is shown
in Figure 1, and exploits the existing three-chicane echo-
enabled, harmonic generation seeding beamline [14, 15]
as a cascaded three-stage LSCA seeded by shot-noise.
Through the proper tuning of the bunch compression,
we demonstrate the generation of an intense, single mode
pulse with an intensity gain of four orders of magnitude
over the spontaneous emission level.

The physical mechanism of the space-charge instabil-
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FIG. 1: Overview of the beam-line for the NLCTA experi-
ment. Three chicanes separate three drift sections within a
FODO lattice defined by quads (diamonds).

ity can be modeled as a two-step process. An e-beam
with an initial density perturbation at the longitudinal
spatial frequency k travels through a transport channel
(drift) of length Ld. During transport, the modulated
longitudinal space-charge fields induce a corresponding
energy modulation in the e-beam. Afterwards, the elec-
trons travel through a longitudinally dispersive transport
element (e.g, a magnetic bending chicane) which trans-
forms the energy modulation back into a density modula-
tion, but with an amplitude larger than the initial value.
This process can start from shot-noise or from a coherent
microbunching induced by interaction with an external
laser, and can be repeated in several amplification stages
to enhance the density modulation amplitude.

The microbunching instability has been investigated
in detail elsewhere [9–12, 16]. To provide a dynamical
description of the cascaded LSCA setup explored exper-
imentally here, it is useful to follow the matrix formal-
ism of Gover et al. [17] for a simple one-dimensional
(1D), cold beam model. The beam density modulation
can be quantified by the beam bunching factor, given
by b =

∑
n exp(−ikzn)/N , where zn is the longitudi-

nal position of the nth particle and N is the number of
particles. The energy modulation is defined similarly as
µ =

∑
n ηn exp(−ikzn)/N , where ηn = δγn/γ is the rela-

tive energy deviation and γ the beam’s Lorentz factor. In
the linear approximation (i.e. when b � 1) for a single-
stage LSCA, the evolution of the two collective variables
(b, µ) under the influence of space-charge forces and dis-
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persion is described by the transport matrix:(
b1
µ1

)
= RM

(
b0
µ0

)
. (1)

where M =

(
cos(kpLd) − ik

γ2kp
sin(kpLd)

kpγ
2

ik sin(kpLd) cos(kpLd)

)
is the

space-charge evolution matrix, kp =
√

e2n0

ε0mc2γ3 is the rel-

ativistic spatial plasma frequency, n0 is the beam density,
e the electron charge, ε0 is the vacuum permittivity, m
the electron mass, and c the speed of light. The lin-
ear transport through the chicane is described by the

transport matrix R =

(
1 −ikR56

0 1

)
, where R56 is the

longitudinal dispersion in the chicane. In general, if Ns
amplification stages are used in series, the final variables
can be computed by simple chain multiplication of the
evolution matrices in each stage:(

bNs

µNs

)
= RNsMNs . . .R2M2R1M1

(
b0
µ0

)
. (2)

The gain in the lth section is then defined as gl = bl/bl−1.
Assuming that the amplification process starts from a
beam with negligible initial energy modulation (µ0 = 0),
use of the single stage evolution matrix yields the mi-
crobunching gain,

g1 = b1/b0 = cos(kpLd)− γ2R56kp sin(kpLd). (3)

Under conditions of high gain (|g1| � 1), the cos(kpLd)
term can be neglected and the gain is proportional
to the longitudinal dispersion in the chicane, g1 '
−γ2R56kp sin(kpLd). The overall gain in a cascaded sys-
tem is given by the product of the microbunching gain in
each stage,

g = g1g2 . . . gNs
= bNs

/b0. (4)

Note that this formula is only valid if a significant
amount of energy modulation is developed in each
stage. Consider the simplified case of a two-stage
LSCA (Ns = 2). In the high-gain approximation,
the gain at the exit of the second stage is g2 '
γ4R56,1kp,1 sin(kp,1Ld,1)R56,2kp,2 sin(kp,2Ld,2). On the
other hand, if no energy modulation is developed in
the second drift (namely if kp,2Ld,2 → 0), then the
two-stage gain formula from Eq (2) reduces to g2 '
cos(kp,1Ld,1) − γ2(R56,1 + R56,2)kp,1 sin(kp,1Ld,1). The
latter is essentially the single stage formula in Eq. (3),
where the energy modulation from the first stage is con-
verted into a density modulation by the sum total disper-
sion from each stage. Note that the microbunching still
grows from one stage to the next, but the gain is addi-
tive rather than multiplicative. We will therefore refer to
the first case as cascaded microbunching gain, and to the
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FIG. 2: Integrated camera intensity for three different R56

(marked in mm for C1-C2-C3, respectively) configurations,
total R56 = 9 mm. For comparison the theoretical mi-
crobunching power gain is shown, normalized to the first ex-
perimental point. The error bars represent the uncertainty
on the mean intensity (±3σ) averaged over 250 shots.

second case as additive microbunching gain. The distinct
advantage of the cascaded arrangement is the potential
for much larger gain for the same total dispersion. This
concept can be generalized to multiple stages, and the
signature of cascading is that the gain is dependent on
the way the total R56 is partitioned.

The 1D theory can be easily modified to include 3D
effects, energy spread and beam compression. Follow-
ing the approach of [18], it can be shown that the
plasma frequency for a cold beam is given by replacing

kp → k
(3D)
p = kpΩ, where Ω < 1 is the normalized plasma

frequency, which accounts for the finite size of the e-beam
and transverse betatron motion. The explicit dependence
of Ω depends on the transverse beam distribution that
one considers (see e.g. [9, 19]). In general, Ω is a decreas-
ing function of the 3D parameter D = kσx/γ, where σx
is the beam rms transverse size. For a transversely lam-
inar e-beam we have that Ω→ 1 for D � 1 while Ω→ 0
for D � 1, and thus microbunching gain is suppressed by
3D effects for long wavelengths. At short wavelengths, on
the other hand, the gain process is dominated by energy-
spread effects, according to an exponential suppression
factor exp(−(kσηR56)2/2) for a beam with a gaussian rel-
ative energy spread ση. Finally, in the presence of a linear
energy chirp, the effect of wavelength compression dur-
ing dispersion has to be taken into account. For a given
linear energy chirp h = dγ

γdz , the wavelength changes as

λ → λ/C, where C = 1/(1 + hR56). The gain formula
then has to be modified as:

g1 =
(

cos(k(3D)
p Ld)− Cγ2R56k

(3D)
p sin(k(3D)

p Ld)
)

× exp

(
− (CkσηR56)2

2

) (5)

where k is the microbunching frequency before the chi-
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cane and Ck is the frequency after the chicane. With
this expression, the total gain in a cascaded LSCA can
be computed from the product in Eq. (4), taking into
account the wavelength shift due to compression, as well

as the corresponding R56, k
(3D)
p and Ld in each stage.

The cascaded LSCA experimental setup shown in Fig.
1 is composed of three-magnetic chicanes each separated
by drifts, with an undulator used as a radiator after the
final chicane. The e-beam is generated by an S-band
photoinjector and accelerated as high as 120 MeV by
two X-band accelerating structures (named linac 0 and
linac 1). The three-magnetic chicanes (C1, C2 and C3)
have tunable longitudinal dispersion in the range 0.8 mm
< R56 < 10 mm. The radiator employed is a helical
undulator with Nw=11 periods of length λw = 1.9 cm
and an undulator parameter K = 0.58. The operating
beam energy in this experiment was 72 MeV (γ=141),
corresponding to a resonant emission wavelength of λr =
640 nm. Beam compression was achieved by operating
linac 0 on crest at an energy of 35 MeV and varying
the phase of linac 1 forward of crest. The space-charge
interaction evolves as follows. Before C1, most of the
interaction happens in a drift of length Ld,1 = 10 m where
the beam has an average beam size of σx,1 = 220 µm,
while the drifts between C1 and C2, and C2 and C3 have
lengths of Ld,2 = Ld,3 = 2 m with a beam size of σx,2
= 160 µm and σx,3 = 150 µm, respectively. The initial
beam current is ' 10Amps, with an uncorrelated energy-
spread of σE ' 1.5keV . The space-charge instability
is seeded by shot-noise, which gives a broadband initial
microbunching power of < |b0|2 >= 1/N .

To explore cascaded amplification, the coherent undu-
lator radiation intensity was measured for different R56

configurations, each yielding the same total dispersion of
9 mm. Figure 2 shows the integrated undulator radia-
tion signal measured with a near-field camera, as well
as a comparison with the theoretical prediction for the
3D microbunching gain, calculated under the assump-
tions of three-stage cascaded gain, a gaussian transverse
distribution and linear compression, using the measured
beam parameters. For ease of comparison, the radiation
intensity for the theoretical curve is normalized to the
first experimental point. The plot shows good agreement
between the measured and predicted intensity variation
with different chicane dispersions.

Due to the x-band accelerating field curvature, the
global chicane compression results in a high-current
leading spike. Figure 3 shows the result of a one-
dimensional particle transport simulation performed with
the “LOSCA” approach described in Ref. [13]. For a
strongly compressed bunch, the microbunching gain is
confined to the leading current peak, resulting in the
emission of a pulse notably shorter than the total bunch
length; conversely, for moderate compression the length
of the microbunched fraction of the bunch is comparable
to the entire bunch length. Figure 4 shows typical single-

shot coherent undulator radiation spectrometer images
from the LSCA with R56,1 = 4 mm, R56,2 = 2.5 mm,
R56,3 = 1.5 mm for two scenarios: moderate gain (phase
of linac 1 φ1 ' 35◦), and maximum gain (φ1 ' 39◦). The
observed angular and spectral structure of the coherent
radiation can be understood by examination of the far-
field differential spectrum of the helical undulator,

dU

dkdΩs
=

dU

dkdΩs

∣∣∣
sp
N2|B(~k)|2, (6)

where Ωs is the solid angle and dU
dkdΩs

∣∣
sp

is the single-

particle differential spectrum [20]. The form factor

B(~k) = 1
N

∑
j exp(−i~k · ~xj) is the 3D Fourier trans-

form of the charge distribution, where the forward an-

gle is θ = cos−1 k2x+k2y
k2x+k2y+k2z

. At a given angle θ, elec-

trons traversing the undulator emit near the wavelength
λr = λw

(
1 +K2 + γ2θ2

)
/2γ2 with a FWHM spectral

bandwidth of δλ/λ ' 1/Nw. If the instability is seeded
by shot-noise, the microbunching spectrum is composed
of several uncorrelated spikes with relative width given
roughly by δλspike/λ ' λ/Lb, where Lb corresponds to
the length of the microbunched distribution. Note that
Lb can be shorter than the actual length of the e-beam if
a leading current peak dominates the microbunching pro-
cess (see Fig. 3, red curve). If the bandwidth of the un-
dulator is larger than the bandwidth of a single spectral
spike, the coherent radiation spectrum from the LSCA
shows several uncorrelated spikes. This corresponds to
the slippage length in the undulator Ls = Nwλr being
shorter than the length Lb of the density modulated frac-
tion of the bunch (see Fig. 3, red curve). In the opposite
case, if the slippage length is longer than the microbunch-
ing structure (Ls > Lb), the radiation spectrum is char-
acterized by a single coherent spike composed of ∼ Nw
optical cycles. These cases are borne out from the mea-
surements in Fig. 4. The intermediate gain configuration
(left) corresponds to a weaker current compression than
the peak gain. For this value of compression, the spec-
trum exhibits a spiky structure, as the slippage length in
the undulator is shorter than the fraction of the e-beam
contributing to coherent emission. In the optimal com-
pression case (right), the microbunched fraction of the
e-beam becomes shorter than the slippage length, and
the emission is characterized by a single spectral spike.
The measured on-axis FWHM bandwidth of the coher-
ent emission distribution is ∆λr/λr ' 9%, in agreement
with the on-axis emission bandwidth of the undulator.
The measured angular integrated spectrum has a wider
bandwidth ∆λr/λr ' 14% since longer wavelengths are
emitted off-axis.

For moderate compression the radiation intensity dis-
tribution also exhibits speckles in the transverse dimen-
sion, while for stronger compression, a single, coherent
transverse mode is observed (see the intensity depen-
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FIG. 3: Simulated beam current profile for a moderately com-
pressed beam (blue line, φ1 ' 35◦) and for a strongly com-
pressed beam (red line, φ1 ' 39◦).
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FIG. 4: Single-shot spectrometer image (upper images), on-
axis spectrum (lower images, blue line) and integrated spec-
trum (lower images, red lines) from a strongly compressed
beam (right images) and for moderate compression (left im-
ages).

dence on θy in the upper images in Fig. 4). This behav-
ior is anticipated from theoretical predictions [19]. The
transverse space-charge eigenmodes of a laminar beam
are fully degenerate for large values of the 3D parameter
D = kσx/γ, i.e. for short wavelengths. As a consequence
of the full degeneracy, the transverse distribution of mi-
crobunching in this limit is composed of several uncorre-
lated speckles [12, 16], resulting in the emission of a trans-
versely incoherent mode in the radiator. This effect lim-
its the operation of an un-chirped LSCA to wavelengths
λ > 2πσx/γ for transverse coherence. For the typical
operating condition of the NLCTA, this is in the mid-
infrared. The observed transition to transverse coherence
was therefore obtained as a consequence of bunch com-
pression. For the case of strong compression, the optical
microbunching generated at the last stage of the LSCA is
the result of long-wavelength microbunching amplified in
the first stage and frequency up-shifted to optical wave-
lengths by compression in the second and third chicanes.
As a result the beam radiates a single coherent transverse
mode in the undulator, as shown in Figure 5.

Finally, to accurately measure the integrated intensity
gain, we used a high dynamic range photodiode detector.
With 12pC of total beam charge, the average gain in the
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FIG. 5: Far-field undulator radiation image and projected
intensity in θx and θy at maximum compression.

integrated intensity over the spontaneous emission back-
ground was measured to be Umax/Uinc ' 600± 30, with
a shot-to-shot intensity fluctuation of σU/Uinc = 480.

The e-beam form factor B(~k) decays rapidly for angles
larger than the coherent angle θc > λr/2πσx, while the
width of the spontaneous undulator radiation is θsp '
(1 + K2)1/2/γ. For the typical operating conditions in
our experiments θsp > θc, which means that the an-
gular width of the coherent radiation is dominated by
the geometry of the e-beam. Since the angular width
of the incoherent far-field distribution is measured to be
2.2 times larger than that of the coherent distribution,
the on-axis intensity gain is significantly higher, approxi-
mately 3000. Furthermore, only a fraction of the e-beam
contributes to the coherent emission, while the entire e-
beam contributes to incoherent emission. From the nu-
merical simulations we estimate that the current peak
that drives the microbunching process contains roughly
20% of the bunch charge. It follows that the peak power
emitted on-axis can be estimated to be four orders of
magnitude above the shot-noise level [21].

In conclusion, in this Letter we have discussed the first
experimental demonstration of a cascaded LSCA. In our
experiment, the space-charge microbunching instability
was controlled and optimized to generate intense broad-
band coherent undulator radiation pulses. Strong bunch
compression due to a chirped beam results in coherent ra-
diation pulses with a single transverse mode, consistent
with our theoretical understanding of the amplification
and compression processes. Due to the short duration
of the current peak, a single spectral mode has been ob-
served under conditions of strong compression. Finally,
the cascading process enabled by use of three chicanes has
been investigated by scanning the relative values of the
three R56s while keeping the total compression constant.
This experiment provides a proof-of-principle demonstra-
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tion for the generation of broad-band coherent radiation
at fourth generation light sources, and potentially ex-
tends the operation of FEL user facilities into new and
unexplored regimes.
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