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ABSTRACT

The microbunching instability driven by beam collective

effects in the linear accelerator of a free electron laser (FEL)

facility can significantly degrade electron beam quality and

FEL performance. Understanding and control of the insta-

bility is a priority for the design of modern high-brightness

electron accelerators. In this paper, we study an instabil-

ity cancellation phenomenon due to 180◦ phase slippage

of the current modulations between different amplification

stages. A case study of using a nonisochronous dogleg sec-

tion in a double compression scheme to cancel the current

modulation is illustrated.

INTRODUCTION

The microbunching instability (MBI) in linacs can

limit the performance of high-brightness linac-driven light

sources such as free electron lasers by degrading the beam

quality. The instability stems from some small undesired

density fluctuations, and then get amplified by the energy

modulations induced by the collective effects when the beam

transfers through dispersive regions with nonzero R56 [1–3].

A number of methods have been proposed to mitigate the

instability by using a laser heater to increase the beam uncor-

related energy spread before bunch compressors [4, 5] or by

using transverse-to-longitudinal coupling from dispersive

elements [6–10].

For multi-stage amplifications that consists of two bunch

compressors (BCs) and a nonisochronous dogleg, we ob-

served a microbunching gain cancellation phenomenon due

to the phase slippages of the current and energy modulations

between different amplification stages. And this may result

in instability cancellation rather than the high-gain klystron-

like amplification process [1]. In this paper, we consider

an FEL linac with double compression scheme and derive

the analytical expressions of the multi-stage amplification

or cancellation mechanisms. As an illustration, we use a

dogleg section with nonzero R56 to mitigate the instability.

PRINCIPLES OF MULTI-STAGE

CANCELLATION

To understand the cancellation mechanism, let’s first con-

sider a simple model with lattice arrangements of (drift 1,

BC1, drift 2, BC2), where no bunch length compression is

involved. The evolution of current and energy modulation

is plotted in Fig. 1. The electron beam with initial current

modulation induces energy modulation due to LSC effects

∗ jqiang@lbl.gov

after traveling through drift 1. And then, energy modulation

is transformed into density modulation after the electron

beam passes through BC1, where we can see 180◦ phase

slippages of the density profile compared with the initial cur-

rent modulation. Repeating this process, by proper choosing

the value of momentum compaction factor R56 in BC2, we

can smooth the final density profile by making use of the

180◦ phase slippages after BC2, due to the fact that LSC

impedance is purely imaginary. This simple model indi-

cates that by careful design of the facility, microbunching

instability may be mitigated after multi-stage transportation.

Figure 1: (color online). Illustration of current (left column)

and energy (right column) modulation evolution. (a)-(e),

modulations of the initial, after drift 1, after BC1, after drift

2, after BC2 respectively. The bunch length is in unit of mm,

and current in unit of A.

Now let’s consider a more practical case shown in Fig. 2,

consisting of two bunch compressors BC1 and BC2 followed

by a dogleg inserted with several quadrupoles, which en-

sures a tunable strength of momentum compaction factor

R56,3. In the following we consider only LSC effects which

dominate the microbunching instability amplification [4],

and assumed frozen beam model with electron longitudinal

locations unchanged during the transportation in linacs [11].

The density modulation is governed by the Volterra integral

equation described in [2,3]. By iterating the microbunching

integral equation thrice, we can obtain the final modulation
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Figure 2: (color online). Scheme Layout.

factor as

b[k (s); s] = b
(0)[k (s); s] +

∫ s

0

dτK (τ, s)b
(0)[K (τ); τ]

+

∫ s

0

dτK (τ, s)

∫ τ

0

dζK (ζ, τ)b
(0)[K (ζ ); ζ]

+

∫ s

0

dτK (τ, s)

∫ τ

0

dζK (ζ, τ)

×

∫ ζ

0

dtK (t, ζ )b
(0)[K (t); t],

(1)

where K (τ, s) is the integral kernel defined in [12] in the

presence of acceleration, b(0)[k (s); s] is the bunching factor

degradation solely from the transportation of beam optics.

Assuming an electron beam with an initial current modula-

tion factor b0 at the entrance s1 to Linac-1, the final mod-

ulation factor after dogleg by applying Eq. 1 can be given

as

b[k (s7); s7] = b01[k (s7); s7] + b11[k (s7); s7] + b12[k (s7); s7]

+ b13[k (s7); s7] + b21[k (s7); s7] + b22[k (s7); s7]

+ b23[k (s7); s7] + b31[k (s7); s7],

(2)

where k (s) = C(s)k0, C(s) is the compression factor, k0

is the initial modulation wave number. Here b01 describes

the evolution of the modulation factor in the absence of all

collective effects, and is given as

b01[k (s7); s7] = b0 exp[−k
2(s7) R̂

2
56(s1→7)σ2

δ0
/2]; (3)

the three terms of b11, b12, b13 describe the one-stage ampli-

fication of the initial microbunching due to the collective

effects between the linac sections of s1→2, s3→4, s5→6 respec-

tively, and are given as

b11[k (s7); s7] = ib0k (s7) R̂56(s1→7)
I (s1)

γ0

Ẑ (s1→2)

× exp (
−k2

0
D2(s1→7)σ2

δ0

2
),

(4)

b12[k (s7); s7] = ib0k (s7) R̂56(s3→7)
I (s3)

γ0

Ẑ (s3→4)

× exp (
−k2

0
D2(s3→7)σ2

δ0

2
),

(5)

b13[k (s7); s7] = ib0k (s7) R̂56(s5→7)
I (s5)

γ0

Ẑ (s5→6)

× exp (
−k2

0
D2(s5→7)σ2

δ0

2
);

(6)

the following three terms b21, b22, b23 describe the two-stage

amplifications due to coupled collective effects between

the region s1→2 and s3→4, s1→2 and s5→6, s3→4 and s5→6

respectively, and are given as

b21[k (s7); s7] = − b0k (s3)k (s7) R̂56(s1→3) R̂56(s3→7)

×
I (s1)I (s3)

(γ0)2
Ẑ (s1→2) Ẑ (s3→4)

× exp (
−k2

0
D2(s1→3→7)σ2

δ0

2
),

(7)

b22[k (s7); s7] = − b0k (s5)k (s7) R̂56(s1→5) R̂56(s5→7)

×
I (s1)I (s5)

(γ0)2
Ẑ (s1→2) Ẑ (s5→6)

× exp (
−k2

0
D2(s1→5→7)σ2

δ0

2
),

(8)

b23[k (s7); s7] = − b0k (s5)k (s7) R̂56(s3→5) R̂56(s5→7)

×
I (s3)I (s5)

(γ0)2
Ẑ (s3→4) Ẑ (s5→6)

× exp (
−k2

0
D2(s3→5→7)σ2

δ0

2
);

(9)

the last term denotes the three-stage cascade amplification

due to the collective effects between the region s1→2 and

s3→4 and s5→6, and is given as

b31[k (s7); s7] = − ib0k (s3)k (s5)k (s7) R̂56(s1→3)

× R̂56(s3→5) R̂56(s5→7)
I (s1)I (s3)I (s5)

(γ0)3

× Ẑ (s1→2) Ẑ (s3→4) Ẑ (s5→6)

× exp (
−k2

0
D2(s1→3→5→7)σ2

δ0

2
).

(10)

The impedance term above is defined as

Ẑ (s j→k ) =

∫ sk

sj

4πZ[k (τ); τ]

IAZ0

dτ,

where Z[k (τ); τ] is the impedance per unit length of collec-

tive effects and Z0 is the vacuum impedance, IA is the Alfvén

current, σδ0
is the initial rms relative energy spread, γ0 is

the initial electron beam relativistic factor, I (s j ) = C(s j )I0,

I0 is the initial current. The exponential damping to the mod-

ulation amplification due to initial energy spread is given

by

D2(s1→7) = U
2(s7, s1),

D2(s3→7) = U
2(s7, s3) +U

2(s3, s1),

D2(s5→7) = U
2(s7, s5) +U

2(s5, s1),

D2(s1→3→7) = U
2(s7, s3) +U

2(s3, s1),

D2(s1→5→7) = U
2(s7, s5) +U

2(s5, s1),

D2(s3→5→7) = U
2(s7, s5) +U

2(s5, s3) +U
2(s3, s1),

D2(s1→3→5→7) = U
2(s7, s5) +U

2(s5, s3) +U
2(s3, s1),

(11)
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where U (s, τ) = C(s) R̂56(s) − C(τ) R̂56(τ). We

used the shorthand notation R̂56(s) = R̂56(s1 → s)

here. And R̂56(s j→k ) can be obtained by R̂56(s j→k ) =

R56(s j→k )γ0/γj, converted from the transfer matrix in

(x, x
′

, z, δ) coordinates in order to consider acceleration ef-

fects [12], and can be given as

R̂56(s1) = 0,

R̂56(s1→3) =
R56,1γ1

γ3

,

R̂56(s1→5) =
R56,1γ1

C2γ3

+

R56,2C1γ1

γ5

,

R̂56(s1→7) =
R56,1γ1

C2C3γ3

+

R56,2C1γ1

C3γ5

+

R56,3C1C2γ1

γ7

,

R̂56(s3→5) =
R56,2γ1

γ5

,

R̂56(s3→7) =
R56,2γ1

C3γ5

+

R56,3C2γ1

γ7

,

R̂56(s5→7) =
R56,3γ1

γ7

,

(12)

where γj is the relativistic factor at location s j .

A CASE STUDY

As the LSC impedance is purely imaginary, thus the one-

stage amplification terms in Eq. 4-6 and three-stage am-

plification terms in Eq. 10 are all negative, the two-stage

amplification terms in Eq. 7-9, however, are all positive,

which indicate that the final gain may be cancelled by each

other by proper lattice arrangements.

As an illustration of this method, we consider the detailed

machine layout shown in Fig. 2. Energy chirp is created in

Linac-1 and Linac-2, and then removed in Linac-3 which

ensures no bunch length compression (C3 = 1) in dogleg

even if R56,3 is non-zero. More detailed parameter settings

are marked in Fig. 2. The initial electron beam transverse

distribution is a uniform round cross section with 1 mm ra-

dius and with a flattop current of 15 A. For simple simulation

benchmark with IMPACT [13], we assumed a zero transverse

emittance to avoid using matching and FODO structures in

linac sections to preserve the beam transverse size a constant

value during the entire line. The initial uncorrelated energy

spread is 2 keV with zero energy chirp. We modified the

IMPACT source code to transport particles using first-order

map to benchmark our analytical evaluations.

In order to use R56,3 to mitigate the instability, we scanned

R56,3 to obtain the absolute gain |b[k (s7); s7]/b0 | at different

initial current modulation wavelengths shown in Fig. 3. The

final density modulation originating from the initial 102µm

density modulation wavelength is significantly suppressed

when R56,3 = 0.207mm, which is illustrated in Fig. 4. The

right plot in Fig. 4 shows the contributions of different am-

plification terms, which finally causes the cancellation of the

total gain. Simulation results at short wavelength range show

slight discrepancies between the analytical gain, which could

be due to the approximation involved in the space-charge

impedance model used in the linear theory [14].

Figure 3: (color online). Microbunching gain (absolute

value) as a function of the initial modulation wavelength λ0

and R56,3. Left and right dashed lines refer to R56,3 = 0 and

R56,3 = 0.207mm respectively.

Figure 4: (color online). Left plot, microbunching gain

(absolute value) as a function of the initial modulation

wavelength λ0 when R56,3 = 0 and R56,3 = 0.207mm.

Right plot, contributions of each amplification term when

R56,3 = 0.207mm, where gain jk = bjk/b0.

CONCLUSIONS

Multi-stage MBI amplification analytical expressions are

provided and benchmarked with IMPACT in this paper. Re-

sults show that by proper design of the FEL facility, the

final microbunching gain could be mitigated due to the 180◦

phase slippages of the current modulations between different

amplification stages.
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