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Abstract

The design of the Linac Coherent Light Source (LCLS)
requires two-stage bunch compression for stability against
timing and charge jitters. Coherent synchrotron radiation
(CSR) induced in these bunch compressors can drive a mi-
crobunching instability that may degrade the beam bright-
ness. In this paper, we study effects of the longitudinal
wakefield in the accelerator on this instability. We show
that significant energy modulation can be accumulated in
the linac through the geometrical wakefield and can en-
hance the CSR microbunching in these compressors. An-
alytical calculations are compared with numerical simula-
tions to evaluate the gain of microbunching for the entire
LCLS accelerator system.

INTRODUCTION

Magnetic bunch compressors are designed to increase
the peak current while maintaining the small emittance for
the electron beam necessary to drive an x-ray free-electron
laser (FEL) [1, 2]. Recent simulation studies [3] and theo-
retical investigations [4, 5, 6] have shown that such a bend
system is subject to a microbunching instability driven by
coherent synchrotron radiation (CSR) and hence can be
very sensitive to any density or energy modulation of the
incoming beam distribution. Multiple stage compressions
are often employed in x-ray FELs to partially offset the ef-
fect of rf phase jitters and to reach a peak current of a few
kA. In this case, both density and energy modulations in-
duced in the first-stage compressor can be further ampli-
fied in the next-stage compressor, leading to a large gain
in overall modulation amplitudes [6, 7]. In this paper, we
show that in an S-band linac such as the Stanford linear ac-
celerator, the geometric wakefield of the accelerating struc-
tures can also induce significant energy modulation and
enhance the CSR microbunching in the subsequent bunch
compressor. We determine the total gain in density modu-
lation for the Linac Coherent Light Source (LCLS) [1] and
compare with numerical simulations that model the entire
accelerator system.

CSR MICROBUNCHING

A magnetic bunch compressor introduces a linear path
length dependence on the electron energy (characterized
by the momentum compaction factor R56). An incoming
electron beam with an energy chirp will be compressed if
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the tail of the bunch catches up the head by going through
a shorter trajectory. CSR emitted by a very short bunch in
the bends of a compressor can interact with the bunch itself
and increase both correlated energy spread and projected
emittances in the bending plane [8]. Furthermore, if the
longitudinal density of the bunch is not smooth but is mod-
ulated at a wavelength λ = 2π/k that is much smaller than
the bunch length, CSR will be emitted at the same wave-
length and induce energy modulation. Such energy mod-
ulation can be turned into additional density modulation
through R56 of the compressor, leading to a microbunch-
ing instability. This process can also be initiated by energy
modulation of the incoming beam. If this effect is large,
both the “sliced” energy spread and the “sliced” emittance
on the scale of the wavelength will be increased, directly
affecting the FEL performance which depends critically on
these “sliced” quantities.

Given the electron distribution function f(X; s) in the
horizontal and longitudinal phase space denoted by X ≡
(x, x′, z, δ ≡ ∆γ/γ), we can quantify both density and
energy modulations by

b(k; s) =
1
N

∫
dXe−ikzf(X; s) ,

p(k; s) =
1
N

∫
dXe−ikzδf(X; s) , (1)

where N =
∫

dXf(X; s) is the total number of electrons.
Considering the evolution of the distribution function in the
presence of CSR, one can show that the bunching spectrum
b(k; s) is governed by an integral equation [5, 6]

b[k(s); s] = [b0(k0) − ik(s)R56(s)p0(k0)] L(0, s) + ik(s)

×
∫ s

0

dτR56(τ → s)
I(τ)
γIA

Z[k(τ); τ ]b[k(τ); τ ]L(τ, s) ,

(2)

where b0(k0) and p0(k0) are the initial density and en-
ergy spectra, respectively, I(τ) is the peak current at τ ,
IA ≈ 17 kA is the Alfven current, Z(k; s) = (1.63 +
0.94i)k1/3/R(s)2/3 is the steady-state CSR impedance for
a bending radius R(s) [9], L(τ, s) denotes Landau damp-
ing from τ to s due to the beam emittance and energy
spread. The integral equation can be solved numerically [5]
or analytically for a typical bunch compressor chicane [6]
to obtain b(k; s). The energy modulation spectrum is then
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Figure 1: Layout of the LCLS accelerator system.

determined by [6]

p[k(s); s] = p0(k0)L(0, s)−
∫ s

0

dτ
I(τ)
γIA

Z[k(τ), τ ]

× b[k(τ), τ ]L(τ, s) . (3)

We note that Eqs. (2) and (3) can be used not only for a
bunch compressor but also for any beam transport system
with a given impedance.

In Ref. [7], the analytical solutions of Eqs. (2) and (3)
are applied to study the gain of density modulation for the
LCLS bend systems (see Fig. 1). The results agree rea-
sonably well with tracking studies of these bend systems.
Furthermore, elegant simulations of the entire accelera-
tor system show a peak gain almost a factor of 2 larger than
the gain of just these bend systems. In what follows, we
extend this study to consider wakefield in the accelerator
that can enhance CSR microbunching.

LINAC WAKEFIELD AND IMPEDANCE

As was pointed out in Refs. [4, 6], wakefield upstream of
a bunch compressor can accumulate energy modulation for
a density-modulated beam and induce additional density
modulation in the bunch compressor. For a periodic, cylin-
drically symmetric accelerating structure such as the SLAC
S-band linac, Gluckstern has derived the high-frequency
behavior of the longitudinal impedance as [10]

ZL(k) ≈ 4i

ka2

[
1 + (1 + i)

αL

a

(
π

kg

)1/2
]−1

, (4)

where a is the average iris radius, L is the cell (period)
length, g is the gap distance between irises and is compa-
rable to L in normal structures, and the parameter α is a
function of g/L and is about 0.5 for g/L ∼ 1. Fourier
transformation of Eq. (4) yields a very short-range wake-
field W (z) (valid for z < 100 µm). A wakefield fitting for-
mula valid for a larger distance (up to a few mm) is given
by [11]

W (z) =
Z0c

πa2
exp

(
−

√
z

z0

)
, (5)

where Z0 = 377 Ω and z0 ≈ 0.41a1.8g1.6/L2.4. Eqs. (4)
and (5) are steady-state solutions of a periodic accelerating

structure and can be applied to a linac longer than the catch
up distance αka2 [10, 11]. For the SLAC linac, a = 11.6
mm, L = 3.5 cm, g = 2.9 cm, and z0 ≈ 1.32 mm, and the
catch up distance varies from a few meters to a few hundred
meters for λ = 100 µm down to 1 µm, the wavelength
range of interest for CSR microbunching.

Equation (4) indicates that the linac impedance de-
creases with λ. Let us compare magnitudes of the lead-
ing term of the linac impedance with the steady-state CSR
impedance, say, at λ = 100 µm:

|ZL| ∼ 4
ka2

≈ 0.5m−1 , |ZCSR| ∼ k1/3

R2/3
≈ 9m−1 (6)

for a = 11.6 mm and R = 10 m. We see that the wakefield
effect per unit length is much smaller than the CSR effect
at these short modulation wavelengths. However, the net
effect of the impedance on a beam is integrated over the in-
teraction distance. For CSR, the interaction distance is the
total length of dipoles and is on the order of a few meters.
For the linac wakefield, the interaction distance is the to-
tal length of the linac and is on the order of a few hundred
meters. Thus, the net effect of CSR and linac impedances
on the microbunching instability can be comparable for the
LCLS. Since R56 ≈ 0 in the linac, and the Landau damp-
ing due to beam emittance and energy spread is negligible,
Eqs. (2) and (3) reduce to

b[k(s); s] =b0(k0) ,

γ(s)p[k(s); s] =γ0p0(k0) − I

IA
ZL(k0)b0(k0)s . (7)

Here we have multiplied Eq. (3) by γ on both sides to in-
clude the adiabatic damping due to acceleration.

LCLS TOTAL GAIN

We can now evaluate the amplification of a small cur-
rent modulation in the initial beam distribution through the
entire LCLS accelerator by taking into account both CSR
and wakefield effects. Here we take the normalized emit-
tance at 1 µm and keep track of the change of the incoher-
ent energy spread σδ due to acceleration and compression
(see Fig. 1). The peak currents are obtained by assuming a
1-nC Gaussian bunch with rms bunch lengths σz given in
Fig. 1 at various stages of compression. We also use the
steady-state CSR impedance and the high-frequency linac
impedance (i.e., Eq. (4)) for simplicity. First, we calculate
the induced density and energy modulations in DL-1 and
BC-1 through the analytical solutions of Eqs. (2) and (3)
as was done in Ref. [7]. For the given density modulation
at the exit of BC-1, the linac wakefield induces additional
energy modulation through Eq. (7) in Linac-2 (its effect in
Linac-0 and Linac-1 is negligible). Finally, Eq. (2) is again
applied to BC-2 to calculate the final density modulation
amplified from both density and energy modulations at the
entrance of BC-2. Two cases are considered: (1) the inco-
herent energy spread at the entrance of BC-2 (at 4.54 GeV)
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is 3×10−6 without the superconducting wiggler; (2) the in-
coherent energy spread at the entrance of BC-2 is increased
to 3× 10−5 by the superconducting wiggler as indicated in
Fig. 1. Since R56 ≈ 0 in DL-2, the density modulation
after BC-2 is unchanged, and its ratio to the initial density
modulation is defined as the total gain. In Fig. 2, we show
the total gain as a function of the initial modulation wave-
length with and without the damping wiggler. For compari-
son, we also plot elegant simulation results from Ref. [7].
Note that elegant uses the transient CSR model [12] and
Eq. (5) for the linac wakefield. Nonlinearities in the ma-
chine lattice are also included. While theory predicts that
the modulation wavelength should compress according to
the bunch length compression (by about a factor of 38 af-
ter BC-2), simulation shows less wavelength compression
than expected. Nevertheless, we see that the gain calcula-
tion including the linac wakefield agrees roughly with the
elegant results. The peak gain is increased by about a
factor of 2 compared to previous studies that did not take
into account the linac wakefield [7].

It is very important to design the LCLS to have a low
gain in CSR microbunching. Typical drive laser of the pho-
tocathade rf gun can have structures on the order of a few
hundred femtosecond. Suppose such structures cause 1%
density modulation of electron beam at λ = 60 µm in
the injector, a total gain close to 100 (in the absence of
the damping wiggler, see Fig. 2) implies nearly 100% fi-
nal density modulation at λf ≈ 60/38 ≈ 1.6 µm. When
the density modulation is close to 100% or |bf | ≈ 1, non-
linear effects of CSR instability can significantly increase
the incoherent energy spread and sliced emittance on the
scale of the modulation wavelength, which is not treated
in the present linear theory. Furthermore, we can estimate
the induced energy modulation by the linac impedance in
Linac-3 and the CSR impedance in DL-2 for the given bf :

∆pf ≈
∣∣∣∣∣

If

γfIA

[
ZLLLinac3 + ZCSRLDL2

]
bf

∣∣∣∣∣ , (8)

where LLinac3 ≈ 550 m is the length of Linac-3 and
LDL2 = 4 × 2.62 m ≈ 10.5 m is the total dipole length
in DL-2. For λf = 1.6 µm, If ≈ 5 kA, γf ≈ 28077,
|bf | ≈ 1, and the bending radius of DL-2 dipoles R = 231
m, we have the final energy modulation ∆pf ≈ 9 × 10−4,
almost a factor of 2 larger than the FEL parameter ρ ≈
5 × 10−4 for the LCLS [1]. In such cases, the high gain
in the absence of the damping wiggler would mean that the
FEL may not reach saturation for a 100-m undulator.

CONCLUSION

We have extended previous studies of CSR microbunch-
ing instability to include the effect of geometric wakefield
in the accelerator. Using the analytical model for the high-
frequency, periodic accelerating structure and the analyti-
cal solutions of the integral equation for the CSR instabil-
ity in a bunch compressor chicane, we have evaluated the
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Figure 2: LCLS total gain of density modulation as a func-
tion of the initial modulation wavelength.

total gain of density modulation in the LCLS accelerator
system and found the linac wakefield can increase the gain
by about a factor of 2. The gain in shorter wavelength mod-
ulations may be more detrimental to the FEL performance
and can be strongly suppressed by the damping wiggler in-
corporated in the LCLS design.
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