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Abstract

The microbunching instability (MBI) driven by beam col-

lective effects in a linear accelerator of a free-electron laser

(FEL) facility can significantly degrade the electron beam

quality and FEL performance. A method exploited longitu-

dinal mixing derived from the natural transverse spread of

the beam was proposed several years ago using two dipoles

to suppress the instability. In this paper, instead of using

bending magnets to introduce the transverse-to-longitudinal

coupling, which will lead to an inconvenient deflection of

the downstream beam line, we propose a scheme using a

quadrupole inserted chicane to introduce the longitudinal

mixing inside the accelerator transport system to suppress

this instability. And we finally eliminate the transverse-to-

longitudinal coupling after the dogleg section.

INTRODUCTION

The microbunching instability in linacs can limit the per-

formance of single-pass x-ray FELs by significantly degrad-

ing the beam quality [1–5]. The conventional method to

control the instability is using a laser heater to enlarge the

beam uncorrelated energy spread [2,6], which is typically tol-

erable for operation of self-amplified spontaneous emission

(SASE) FELs, but for seeded FELs it could limit the FEL

gain to some degree [7]. The later proposed reversible heat-

ing device based on two transverse deflecting rf structures

(TDSs) can suppress the microbunching instability without

sacrificing the beam brightness as the introduced energy

spread is eliminated in the second TDS [8]. However, this

scheme would be quite expensive and complicated. Instead

of exploiting longitudinal mixing from large beam energy

spread, but from the natural transverse spread of the beam,

schemes based on bending magnets is proposed [9]. And

then schemes introducing both energy spread and transverse-

to-longitudinal phase space coupling based on transverse gra-

dient undulator (TGU) are proposed [10–12]. The scheme

based on bending magnets is simple and can preserve the

longitudinal beam brightness without expensive hardware.

However the using of bending magnets will change the beam

line direction which is not convenient and difficult to apply

to the existing FEL facilities.

In this paper, we propose a scheme which would keep

the advantages of using bending magnets but avoid the in-

convenient deflection of the downstream beam line by in-

serting quadrupoles in a four dipoles chicane to introduce

the longitudinal mixing to suppress the instability. And
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we finally eliminate the transverse-to-longitudinal coupling

after the dogleg section, which makes our whole transporta-

tion line achromatic. In the following sections, we will

give a potential accelerator model to illustrate this method.

The lattice design is based on First-order transfer matrix in

(x, x ′, y, y′, z, δ) phase space and performed with the help

of Elegant [13]. And then microbunching gain calculation

based on staged amplification theory [14] is given to show

the suppression effects.

OVERVIEW OF THE SCHEME

Figure 1 shows a potential accelerator layout of the pro-

posed scheme. We insert three quadrupoles in BC0 to in-

troduce the transverse-longitudinal coupling terms R51 and

R52 to suppress the MBI and to confine the transverse beam

size. The quadrupole parameters are chosen to introduce

larger longitudinal mixing terms and to maintain a small

beam size, which is performed by particle swarm optimiza-

tion [15], and the values of the coupling terms at the exit

of BC0 R51 = −1.37, R52 = −3.14 m, R56 = −0.105 m

are used for illustration. The electron beam is accelerated

from the initial 100 MeV to 250 MeV at the exit of Linac-0,

and then passes through BC1 providing 6 times compres-

sion. Linac-1 accelerates the beam to 1.5 GeV and then goes

through BC2 providing a total compression factor as C = 72.

The final beam energy is accelerated to 5 GeV in Linac-2 and

the energy chirp is ramped down to zero at the entrance to the

dogleg. The dogleg section, which consists of two dipole pair

sandwiching three independent quadrupols [16], is designed

to be isochronous and restore achromaticity at the same

time, i.e. R56(s6→7) = 0, R16(s0→7) = 0, R26(s0→7) = 0,

which is performed with the help of Elegant by adjusting the

qudrupole strengths [13].

The beam radius and energy evolutions are illustrated in

Fig. 2. The initial electron beam transverse distribution is

a uniform round cross section with 0.2 mm rms size and

0.4 mm mrad normalized transverse emittance with a flattop

current of 15 A. The initial uncorrelated energy spread is

4 keV with zero energy chirp. Matching and FODO struc-

tures are used in the accelerator transport sections to con-

trol the beam transverse size. The maximum horizontal

beam sizes in Linac-0, Linac-1, Linac-2 sections are about

1.3 mm, 0.9 mm, 0.5 mm respectively. Because of the dis-

persion leaked out from BC0 in the accelerator transport

system, the horizontal direction beam size is much bigger

than the vertical, which is still tolerable for the supercon-

ducting linac transport system. In the downstream of dogleg

section, which consists of undulator section also based on
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Figure 1: (color online). Scheme Layout. Quadrupoles are inserted in the middle position between dipoles. The momentum

compaction factor of BC0 R56 = −0.01 m is in the case of the three quadrupoles turned off.

FODO structures, both horizontal and vertical beam sizes

are periodic due to zero dispersion which is eliminated by

the dogleg section.

Figure 2: (color online). Evolution of the beam rms radius

and energy along the longitudinal position.

MICROBUNCHING GAIN SUPPRESSION

Assuming an electron beam with an initial current modu-

lation factor b0 at the entrance (s0) to BC0, the final mod-

ulation factor at the exit (s7) of the dogleg section can be

obtained by solving the microbunching integral equation pro-

vided in [4, 9], which takes acceleration effects into account.

Neglecting collective effects inside all bending magnets and

assuming electron beam is "frozen" in the linac sections,

which means that electron longitudinal positions will not

change when it is transferring through the linacs. The solu-

tion is given as

b[k(s7); s7] = b1[k(s7); s7] + b2[k(s7); s7] + b3[k(s7); s7]

+ b4[k(s7); s7] + b5[k(s7); s7] + b6[k(s7); s7],

(1)

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

C(s) = 1/R55(s), and k0 is the initial modulation wave num-

ber. Here b1 describes the evolution of the modulation factor

in the absence of all collective effects, and is given as

b1[k(s7); s7] = b0 exp[−k
2(s7)R̂

2
56(s7)σ

2
δ0
/2]; (2)

the second term b2 describes the amplification that the elec-

tron beam firstly get energy modulation due to the collective

effects between s1 and s2 inside the accelerator system and

then goes through the following section which provides the

non-zero R56, and is given as

b2[k(s7); s7] =ib0k(s7)R̂56(s1→7)
I(s1)

γ0IA

× exp (
−k2

0
D2(s7)σ

2
δ0

2
)

× exp (
−k2

0
Hεx,n

γ0

)

∫ s2

s1

4πZ[k(τ); τ]

Z0

dτ;

(3)

the third term b3 describes the amplification that energy

modulation comes from collective effects between s3 and s4,

and is given as

b3[k(s7); s7] =ib0k(s7)R̂56(s3→7)
I(s3)

γ0IA

× exp (
−k2

0
D2(s3→7)σ

2
δ0

2
)

× exp (
−k2

0
Hεx,n

γ0

)

∫ s4

s3

4πZ[k(τ); τ]

Z0

dτ;

(4)

the fourth term b4 describes the collective effects between

s5 and s6 and is given as

b4[k(s7); s7] =ib0k(s7)R̂56(s5→7)
I(s5)

γ0IA

× exp (
−k2

0
D2(s5→7)σ

2
δ0

2
)

× exp (
−k2

0
Hεx,n

γ0

)

∫ s6

s5

4πZ[k(τ); τ]

Z0

dτ;

(5)
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the last two coupling terms describe the two and three stages

amplification respectively, and are given as

b5[k(s7); s7] = − b0k(s3)k(s7)R̂56(s1→3)R̂56(s3→7)

×
I(s1)I(s3)

(γ0IA)2
exp (

−k2
0
D2(s0→3→7)σ

2
δ0

2
)

× exp (
−k2

0
Hεx,n

γ0

)

∫ s2

s1

4πZ[k(τ); τ]

Z0

dτ

×

∫ s4

s3

4πZ[k(τ); τ]

Z0

dτ;

(6)

b6[k(s7); s7] = − ib0k(s3)k(s5)k(s7)R̂56(s1→3)

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

(γ0IA)3

× exp (
−k2

0
D2(s0→3→5→7)σ

2
δ0

2
)

× exp (
−k2

0
Hεx,n

γ0

)

∫ s2

s1

4πZ[k(τ); τ]

Z0

dτ

×

∫ s4

s3

4πZ[k(τ); τ]

Z0

dτ

×

∫ s6

s5

4πZ[k(τ); τ]

Z0

dτ.

(7)

The damping to the modulation amplification terms

(b2, b3, b4, b5, b6) is controlled by the exponents

D2(s7) =U
2(s7, s1) + C

2(s1)R̂
2
56(s1),

D2(s3→7) =U
2(s7, s3) + C

2(s3)R̂
2
56(s3),

D2(s5→7) =U
2(s7, s5) + C

2(s5)R̂
2
56(s5),

D2(s0→3→7) =U
2(s7, s3) +U

2(s3, s1) + C
2(s1)R̂

2
56(s1),

D2(s0→3→5→7) =U
2(s7, s5) +U

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

+ C
2(s1)R̂

2
56(s1),

H =
[βx0 R̂51(s1) − αx0 R̂52(s1)]

2
+ (R̂52(s1))

2

βx0

,

(8)

where U(s, τ) = C(s)R̂56(s)−C(τ)R̂56(τ), I(s) = C(s)I0 and

I0 is the initial current, IA is the Alfvén current, γ0 is the

initial relativistic factor, εx,n is the normalized horizontal

emittance, βx0 and αx0 are the initial horizontal twiss param-

eters, σδ0
is the initial rms relative energy spread, Z[k(τ); τ]

is the impedance per unit length of collective effects and

Z0 is the vacuum impedance, R̂56(τ → s) = R56(τ →

s)E0/E(τ), R̂51(s1) = R51(s1), R̂52(s1) = R52(s1) are con-

verted from X phase space to X̂ phase space in order to

consider the acceleration effects following the definition [4]

x = x̂
√

E0/E(τ), x
′
= x̂

′
√

E0/E(τ),

y = ŷ

√
E0/E(τ), y

′
= ŷ

′
√

E0/E(τ), (9)

z = ẑ, δ = δ̂E0/E(τ),

where E0 is the initial beam energy, and we used the short-

hand notation R̂i j(s) = R̂
s0→s

i j
, where s0 is the initial posi-

tion. Obviously, the microbunching factor is damped not

only from the initial energy spread and the function D but

also from the longitudinal mixing associated with the initial

horizontal emittance and the function H [4].

In order to avoid the three stages amplification of

the microbunching, the dogleg section is designed to be

isochronous, which will make microbunching factor b4

and b6 be zero. Following the parameters discussed in

last section, Fig. 3 illustrates the final microbunching gain

|b[k(s7); s7]/b0 | driven by the longitudinal space charge

impedance in the linac sections (see Eq. (21) in [17]). The

microbunching gain is completely suppressed in the pres-

ence of BC0 section relative to the gain that is obtained when

BC0 section is turned off.

Figure 3: (color online). Microbunching gain spectrum at

the final position (s7) with (dashed line) and without (solid

line) the use of the BC0 section. λ0 = 2π/k0 is the initial

uncompressed modulation wavelength.

CONCLUSION

In this paper, microbunching instability suppression based

on qudrupole magnets inserted in a chicane is proposed. The

detailed accelerator design and theoretical analysis show

that the scheme is feasible to suppress the instability com-

pletely. More detailed study including simulations using

IMPACT [18] will be carried out in future work.
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