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X-ray free electron laser linear accelerator without a
laser heater

Ji Qiang

Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Abstract

Linear accelerator based X-ray free electron laser (FEL) light sources provide

an important tool for scientific discoveries. Most of these light source facilities

employ a laser heater to increase the electron beam’s uncorrelated energy spread

to suppress microbunching instability through the linear accelerators. In this

paper, we first studied the microbunching instability in an x-ray FEL linear

accelerator with lower initial peak current (∼ 10 A) and moderate final peak

currents (1 − 2 kA). In this regime, the microbunching instability can be sub-

stantially mitigated with modest initial uncorrelated energy spread. We then

suggested a less expensive method to mitigate the microbunching instability us-

ing a section of low beta FODO lattice instead of the laser heater. With the use

of the high brightness electron beam from a photoinjector, the intrabeam scat-

tering effect inside the beam through the FODO lattice can generate sufficient

uncorrelated energy spread to mitigate the microbunching instability. At last,

we demonstrated the feasibility of this method with self-consistent solution of

the Fokker-Planck equation through the x-ray FEL linear accelerator.

1. Introduction1

The coherent x-ray radiation from an x-ray free electron laser (FEL) light2

source provides an important tool for scientific discoveries in physics, chemistry,3

biology and other fields. To produce such a radiation at short x-ray wavelength4
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effectively, it is desirable to use a high brightness electron beam with a high5

peak core current, small energy spread, and small emittance produced from6

a linear accelerator with a single or multiple stage compressions. However,7

the microbunching instability starting from the shot-noise in the electron beam8

and driven by collective effects can result in large longitudinal phase space9

filamentation and reduce the electron beam brightness [1, 2, 3, 4, 5, 6, 7, 8,10

9, 10, 11, 12]. In order to mitigate the instability, extra uncorrelated energy11

spread is introduced at the beginning of the linear accelerator by using a device12

called laser heater [13, 14]. This device uses a laser beam interacting with the13

electron beam inside a short undulator located between the second and the third14

bending magnets of a chicane. The electron beam passing through the laser15

heater chicane attains extra uncorrelated energy spread from the laser induced16

energy modulation. Such a device provides an effective control of the electron17

beam uncorrelated energy spread and was widely adopted in most modern linear18

accelerator based x-ray FEL light sources [15, 16, 17, 18, 19] even though several19

different but less mature methods were proposed to mitigate the microbunching20

instability [20, 21, 22, 23, 24, 25].21

On the other hand, the use of a laser heater increases the cost of accelerator22

construction and operation. In this paper, we first studied the microbunching23

instability inside an x-ray FEL linear accelerator under a different regime from24

the present x-ray FEL accelerators. This linear accelerator employs an electron25

beam with a lower initial peak current (∼ 10 A) from a high repetition rate26

(MHz) photoinjector. The final peak current at the exit of the accelerator will27

be between one and two kilo-Amperes passing through two bunch compressors28

inside the accelerator. The example of this type of x-ray FEL accelerator in-29

cludes LCLS-II and SHINE that are under construction [26, 27, 28]. For such30

an accelerator, we estimated the microbunching instability gain through the ac-31
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celerator and observed that modest initial uncorrelated energy spread is needed32

to substantially mitigate the microbunching gain. Next, we suggested an alter-33

native, less expensive method based on a section of low beta FODO lattice to34

introduce extra uncorrelated energy spread through the intrabeam scattering35

effect. This idea was considered in reference [29] but was rejected in that ref-36

erence with the conclusion of insufficient uncorrelated energy spread from the37

intrabeam scattering effect through the lattice. Instead, a ring was proposed to38

attain sufficient uncorrelated energy spread. For the type of x-ray FEL linear39

accelerator in the new regime, we revisited this idea using an initial lower peak40

current high brightness electron generated from a low emittance (∼ 0.1 mm41

mrad)injector. Such low emittance injectors have been actively pursued in a42

number of studies [30, 31, 32, 33]. For the low emittance beam, one can take43

advantage of the intrabeam scattering effect through the low beta FODO lattice44

to attain sufficient uncorrelated energy spread to mitigate the microbunching45

instability. In order to demonstrate the feasibility of this method, we simulated46

an electron beam transport through the accelerator including the intrabeam47

scattering effect by solving the Fokker-Planck equation self-consistently.48

The organization of this paper is as follows: after the Introduction, we give49

an analytical calculation of the microbunching instability gains through a double50

compressor x-ray FEL linear accelerator with an initial lower current in Section51

II; estimate the uncorrelated energy spread induced through a low beta FODO52

lattice in Section III, demonstrate the feasibility in an application example with53

the self-consistent simulation of a low emittance electron beam through the low54

beta FODO lattice and the linear accelerator in Section IV, and draw conclusions55

in Section V.56
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Figure 1: Schematic plot of an x-ray FEL linear accelerator with two bunch compressors.

2. Microbunching instability through a linear accelerator57

In an x-ray FEL linear accelerator, a small initial current modulation in the58

electron beam (even from shot noise) can be amplified through the accelerator.59

This phenomenon is usually called microbunching instability. The initial cur-60

rent modulation induces energy modulation due to collective effects such as the61

space-charge effect. The energy modulation is further amplified by the collec-62

tive effects along the linear accelerator. After a bunch compressor, the amplified63

energy modulation becomes larger current modulation and amplifies the initial64

current modulation. The microbunching instability can cause large final beam65

phase space filamentation and degradation of the electron beam quality.66

In the x-ray FEL linear accelerator with two-stage compression as shown67

in Fig. 1, the microbunching instability amplification gain factor through the68

accelerator can be calculated using an analytical model [3, 4]. This model69

showed reasonable agreement with the experimental measurement [11] and the70

self-consistent macroparticle simulation [25]. Such an analytical model helps71

decide on the level of initial uncorrelated energy spread needed to mitigate the72

microbunching instability. Assuming an electron beam with an initial current73

modulation factor b0 at the entrance (s1) to L1, the modulation factor at a74

location s of the accelerator can be obtained by solving the following integral75

equation:76

b[k(s); s] = b0[k(s); s] +

∫ s

s1

K(τ, s)b[k(τ); τ ]dτ (1)

where b0[k(s); s] denotes the initial modulation factor evolution without subject77
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to the collective effects. The kernel of the above integral equation is given as:78

K(τ ; s) = ik(s)R̂56(τ → s)
I(τ)

IA

Z[k(τ); τ ]

γ0
exp

(
− k20

2
U2σ2

δ0

)
(2)

where U(s, τ) = C(s)R56(s)− C(τ)R56(τ) and the Alfvén current IA ' 17.04579

kA.80

The above integral equation can be solved iteratively. Assuming that elec-81

tron beam is longitudinally frozen inside the three linac sections (L1, L2, and82

L3) and neglecting the collective effects inside the two bunch compressors (BC183

and BC2), we can obtain the final modulation factor at the exit of L3 (s6) as:84

b[k(s6); s6] = b06[k(s6); s6] + b12[k(s6); s6] + b34[k(s6); s6] + b1234[k(s6); s6](3)

where k(s) = C(s)k0 and C(s) is the compression factor from s1 to s, and85

k0 is the initial modulation wave number. Here b06 denotes evolution of the86

modulation factor in the absence of any collective effects, and is given as:87

b06[k(s6); s6] = b0 exp(−
k2(s6)R̂2

56(s1→6)σ2
δ0

2
) (4)

where b0 denotes the initial modulation factor at location s1. The terms of88

b12 and b34 denote amplification of the initial modulation due to the collective89

effects between the linac section of s1→2, s3→4 respectively, and are given as:90

b12[k(s6); s6] = ib0k(s6)R̂56(s1→6)
I(s1)

γ0
Ẑ(s1→2) exp (−

k20D2(s1→6)σ2
δ0

2
)(5)

b34[k(s6); s6] = ib0k(s6)R̂56(s3→6)
I(s3)

γ0
Ẑ(s3→4) exp (−

k20D2(s3→6)σ2
δ0

2
)(6)

The b1234 term denotes the two-section coupling effect between the section s1→291

5



and s3→4 and is given as:92

b1234[k(s6); s6] = −b0k(s3)k(s6)R̂56(s1→3)R̂56(s3→6)
I(s1)I(s3)

(γ0)2
Ẑ(s1→2)Ẑ(s3→4)

× exp (−
k20D2(s1→3→6)σ2

δ0

2
) (7)

where σδ0 is the initial RMS relative uncorrelated energy spread, γ0 is the initial

electron beam relativistic factor, I(sj) = C(sj)I0, and I0 is the initial current.

The impedance Ẑ in the above equations is defined as:

Ẑ(sj→k) =

∫ sk

sj

4πZ[k(τ); τ ]

IAZ0
dτ,

where Z[k(τ); τ ] is the impedance per unit length and Z0 is the vacuum impedance.93

The exponential damping to modulation amplification due to the initial energy94

spread is given as:95

D2(s1→6) = U2(s6, s1) (8)

D2(s3→6) = U2(s6, s3) + U2(s3, s1) (9)

D2(s1→3→6) = U2(s6, s3) + U2(s3, s1) (10)

where U(s, τ) = C(s)R̂56(s)− C(τ)R̂56(τ), R̂(s) = R̂(s1 → s), and96

R̂56(s1→3) =
R56,1γ1
γ3

(11)

R̂56(s1→6) =
R56,1γ1
C2γ3

+
R56,2C1γ1

γ5
(12)

R̂56(s3→6) =
R56,2γ1
γ5

(13)

In the above equations, we have assumed the space-charge effect as the only col-97

lective effect inside three linac sections and neglected the collective effects inside98

BC1 and BC2 since the space-charge effect is the dominant factor contributing99
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to microbunching instability [34, 35]. The longitudinal space-charge impedance100

for round uniform electron beam is given as [36]:101

Z(k, s) =
iZ0

πγrb

1− 2I1(ζ)K1(ζ)

ζ
|ζ=krb/γ (14)

where rb is the beam radius, k is the wave number, γ is the relativistic factor,102

and I1, K1 are modified Bessel functions of the first kind. The momentum103

compaction factors (R56) inside L1, L2, and L3 are set to zero from the longi-104

tudinally frozen beam assumption.105

Figure 2: Microbunching gain as a function of initial modulation wavelength with 1 keV initial
uncorrelated energy (left), 4 keV and 6 keV initial uncorrelated energy spread (right).

From the above equations we see that the gain of the microbunching insta-106

bility depends strongly on the electron beam initial uncorrelated energy spread.107
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For the x-ray FEL linear accelerator in Fig. 1, with an electron beam from a108

low emittance injector, we calculated the microbunching instability gain as a109

function of initial modulation wavelength for several initial uncorrelated energy110

spreads in Fig. 2. Here, we have used an initial low emittance electron beam111

with 0.1 mm mrad normalized transverse emittance and 10 Ampere current.112

The electron beam energy is 100.0 MeV at s1, 200.0 MeV at s3, 1600.0 MeV113

at s5, and about 8.0 GeV at s6. The momentum compaction factor of bunch114

compressor BC1 is 4.0 cm, and of BC2 is 5.3 cm. The compression factors are115

3.6 through BC1 and 42.0 through BC2. At the beginning of the linac L1, we116

assumed a section of 36 meter FODO lattice. The electron beam average trans-117

verse RMS size inside this section is 16.0 microns. Following this lattice, the118

electron beam is accelerated linearly through a section of 50 meter supercon-119

ducting cavities before BC1. The average transverse RMS size in this section120

is about 150.0 microns. After the BC1, we assumed that the electron beam121

is linearly accelerated through the linac L2 with a length of 200 meters before122

entering BC2. The average transverse RMS size is assumed to be 75.0 microns.123

After the BC2, the electron beam is further accelerated and transported to the124

end of the linac L3. From the above figure, it is seen that with a small initial125

uncorrelated energy spread (1 keV), the microbunching instability gain will be126

more than 800. However, with an initial 6 keV uncorrelated energy, the in-127

stability gain is substantially reduced and drops below 10. Such an amount of128

uncorrelated energy spread can be generated by the intrabeam scattering effect129

inside a low emittance electron beam through a low beta FODO lattice.130

The microbunching instability gain increases with the increase of the initial131

current. Figure 3 shows the calculated gain as a function of initial modulation132

wavelength at the exit of the above linear accelerator with an initial 10 A, 20133

A, and 40 A peak currents, 6 keV uncorrelated energy spread, and the same134
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Figure 3: Microbunching gain as a function of initial modulation wavelength with initial 10
A, 20 A, and 40 A peak current and 6 keV uncorrelated energy spread.

Figure 4: Microbunching gain as a function of initial modulation wavelength with 126 and
210 total compression factor and initial 10 A current and 6 keV beam.

overall compression factor. The maximum gain reaches near 20 for the 40 A135

initial current. A smaller gain peak at a shorter modulation wavelength is seen136

for this initial current.137

The microbunching instability gain also depends on the total compression138

factor through the accelerator. With a fixed compression factor through bunch139

compressor two (BC2), we adjusted the compression factor through BC1 to a140

factor of 3 and 5 with an initial 10 A peak current and 6 keV uncorrelated141
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energy spread electron beam. Figure 4 shows the instability gain as a function142

of initial modulation wavelength with these two compression factors. It is seen143

that smaller compression factor results in larger maximum gain towards shorter144

wavelength. This is due to exponential dependency of the gain on the compres-145

sion factor and wavelength in the analytical model. Lower initial peak current146

and higher compression might produce even lower microbunching gain. On the147

other hand, higher compression might induce more nonlinear effects through the148

bunch compressors and distort the longitudinal current profile. The choice of149

the working point in the accelerator is based on the balance of multiple factors.150

The above model assumes a flat electron beam current. For a real beam151

with a current distribution along the bunch length, the microbunching gain can152

be different along the bunch. If the flat current used in the analytical model153

is chosen close to the maximum value of the real current distribution, it would154

yield an upper bound of the microbunching gain for the real beam.155

3. Uncorrelated energy spread due to intrabeam scattering inside a156

FODO lattice157

The intrabeam scattering effect due to multiple small-angle Coulomb col-158

lisions inside a charged particle beam can have significant impact on beam159

lifetime in circular accelerators. For a high-brightness electron beam inside an160

x-ray FEL linear accelerator, this effect can increase the energy spread of the161

electron beam through the accelerator while has negligible effect on transverse162

emittances since the electron beam is much colder in the longitudinal direction163

than in transverse ones [37, 38, 39, 40]. The resultant RMS uncorrelated energy164

spread σγ as a function of distance s in the linear accelerator is given as [37]:165

σ2
γ = σ2

γ0 +
r2eNb ln Λ

4 < σx > εnxσz
s (15)
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Figure 5: Uncorrelated energy spread due to the intrabeam scattering effect as a function of
the averaged Twiss beta function and transverse normalized emittance (top) and the Twiss
beta function only with 0.1 mm mrad normalized emittance (bottom).

where σγ0 is the initial RMS uncorrelated energy spread, re is the classical166

electron radius, Nb is the number of electrons inside the beam, ln Λ is the167

Coulomb logarithm, < σx > is the averaged horizontal RMS size, εnx is the168

normalized horizontal emittance, and σz is the RMS bunch length. According to169

the above reference, for a 0.1 mm mrad normalized transverse emittance electron170

beam, the Coulomb logarithm ln Λ is about 6.0. Assuming a 100 pC charge171

beam with 100 MeV energy and 1 mm longitudinal RMS bunch length, one172

obtains the uncorrelated energy spread growth after 36 meters as a function of173
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the averaged Twiss beta function value and the normalized emittance in Fig. 5.174

The uncorrelated energy spread as a function of the Twiss beta function value175

with 0.1 mm mard normalized emittance is also shown in the same plot. It is176

seen that more than 5 keV uncorrelated energy spread can be generated through177

the intrabeam scattering effect by using a lattice Twiss beta function value178

below 0.5 meters. For a choice of 0.1 mm mrad normalized emittance and 0.5179

meter beta function, it yields 6.6 keV uncorrelated energy spread growth. This180

level of uncorrelated energy spread can significantly mitigate the microbunching181

instability gain through the x-ray linear accelerator from the above analytical182

gain calculation.183

In order to generate uncorrelated energy spread through the intrabeam scat-184

tering effect in the x-ray linear accelerator, we suggest using a FODO lattice as185

shown in Fig. 6. Here each period of the lattice consists of a drift of 0.1 meter,186

a quadrupole of 0.1 meter with a focusing strength 48/m2, a drift of 0.2 meter,187

another quadrupole of 0.1 meter with a focusing strength −48/m2, and another188

drift of 0.1 meter. Figure 7 shows an electron beam transverse RMS size evo-

Figure 6: Schematic plot of the FODO lattice used to increase the electron beam uncorrelated
energy spread.

189

lution through five periods of the FODO lattice with 0.5 meter averaged Twiss190

beta function value. The averaged transverse beam size is about 16 microns.191

The electron beam energy is 100 MeV with 0.1 mm mrad normalized emittance.192

The simple model (Eq. 15) in this section suggests that the IBS-induced193

energy spread should be proportional to the square root of the length of the194

section and the number of electrons, and inversely proportional to the square195

root of the average transverse RMS size, beam normalized emittance, and the196

electron beam RMS bunch length. It does not have an explicit dependence197

12



Figure 7: Transverse RMS size evolution through the FODO lattice that helps increase the
uncorrelated energy spread.

on the beam energy. In order to attain a larger energy spread, one can use a198

stronger magnetic focusing to make a smaller transverse beam size, an injector199

to produce a lower emittance and a short bunch length (higher current) beam,200

or more electrons and longer distance.201

4. Demonstration the feasibility through the X-ray FEL linear accel-202

erator203

In order to demonstrate the feasibility of the above suggested method to204

mitigate the microbunching instability through the accelerator, we solved the205

Fokker-Planck equation that includes the intrabeam scattering effect self-consistently.206

The Fokker-Planck equation with the Landau collisional term to account for the207

scattering effect for a single particle distribution is given as [41]:208

∂f

∂t
+ v · ∂f

∂r
+

F

m
· ∂f
∂v

= − ∂

∂v
· Fdf +

1

2

∂2

∂v∂v
: Df (16)
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where Fd is the dynamic friction vector coefficient and D is the diffusion matrix209

coefficient. These coefficients can be obtained from the following equations:210

Fd = (
1

4πε0
)2

4πe4

m2
λ
∂H

∂v
(17)

D = (
1

4πε0
)2

4πe4

m2
λ
∂2G

∂v∂v
(18)

where H and G are Rosenbluth potentials [42]:211

H = 2

∫
d3v′ f(v′)

|v − v′|
(19)

G =

∫
d3v′f(v′)|v − v′| (20)

and λ is the Coulomb logarithm given as:212

λ = ln(
bmax
bmin

) (21)

where the minimum impact parameter bmin = 1
4πε0

e2

mv2 is the classical dis-213

tance of closest approach, the maximum impact parameter bmax = min(λD, σ)214

with λD =
√
ε0kT/(ne2), the Debye length, and σ the RMS beam size. The215

force F includes both the external and the space-charge forces. The above216

Fokker-Planck equation can be solved self-consistently using a Langevin ap-217

proach [43, 44]. At each step, the contribution of the external and space-charge218

forces in the Fokker-Planck equation can be handled using a particle-in-cell219

method in the code like IMPACT [45]. The Rosenbluth potentials in Eqs. 19-20220

are obtained by computing the convolutions on three-dimensional velocity grid221

using a FFT based method in the beam frame. The dynamic friction vector and222

the diffusion matrix are obtained on the grid using a finite-difference approxi-223

mation to Eqs. 17-18 and then interpolated onto individual particles according224

to their velocities. The particle velocity due to the intrabeam scattering effect225
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is advanced with the solution of the following equation in the beam frame:226

v′ = Fd + Γ(t) (22)

where the superscript prime denotes derivative with respect to time, Γ(t) is a227

vector of random variables that follows a multivariate normal distribution with228

zero means and covariance matrix D.229

Figure 8: Slice uncorrelated energy spread profile at the exit of the FODO lattice from the
self-consistent Fokker-Planck solver (red) and from the analytical model (green).

The above self-consistent solution to the Fokker-Planck equation was bench-230

marked with a multi-slice analytical model using an initial 6D Gaussian distri-231

bution electron beam transporting through the above low beta FODO lattice.232

The uncorrelated energy spread growth as a function of distance s due to the233

intrabeam scattering effect from the analytical model is given as [38]:234

< ∆γ2 > = 2π3/2r2ene(x, y, z) ln Λ
1

σβ(z)γb
s (23)

where γb is the relativistic factor of the beam, ne and σβ are the electron density235

and the RMS normalized velocity spread. In this model, the local electron236

density distribution is approximated as a product of a local current and a two-237

dimensional transverse Gaussian distribution. For a round symmetric beam238
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with a Gaussian current distribution, this model recovers the above Eq. 15 after239

averaging over all electrons of the beam.240

Figure 8 shows the slice uncorrelated energy spread of the electron beam at241

the exit of FODO lattice from the self-consistent Fokker-Planck solver and from242

the analytical model. It is seen that both methods agree with each other very243

well. In this benchmark, we used one million macroparticles to sample the initial244

Gaussian distribution and 64× 64× 64 grid points to compute the Rosenbluth245

potentials in the Fokker-Planck solver and 50 slices to compute the RMS beam246

sizes and velocities in the multi-slice analytical model. The Coulomb logarithm247

is assume as 6.0 for the purpose of benchmark in this example.248

As a demonstration, the above low beta FODO lattice was inserted in an249

LCLS-II-HE alike x-ray FEL linear accelerator as shown in Fig. 1 to generate250

sufficient uncorrelated energy spread to mitigate the microbunching instability251

through the accelerator. The LCLS-II-HE linear accelerator is a high energy252

upgrade of the high repetition rate X-ray FEL, LCLS-II [26, 27], from 4 GeV253

to 8 GeV and photon spectral range to 12.8 keV with potential to be extended254

through 20 keV [46]. It consists of a low emittance injector, a laser heater255

to suppress the microbunching instability, a section of superconducting linac256

L1, a bunch compressor BC1, a second section of superconducting linac L2, a257

bunch compressor BC2, a third section of superconducting linac L3 to accelerate258

the beam to 8 GeV, a long bypass transport line, and a kicker to distribute the259

electron beam to a soft X-ray transport beam line and to a hard X-ray transport260

beam line. The superconducting linacs in all three sections are made of 1.3261

GHz 9 cell superconducting cavities except the two cryomodules of 3.9 GHz262

third harmonic cavities right before the BC1 to linearize the electron beam263

longitudinal phase space. In this study, we replaced the laser heater section264

with 60 periods of the above 0.5 m beta function FODO lattice and removed265

16



the long transport lines. We assumed a dechirper at the end of L3 to remove266

the longitudinal chirp of the electron beam. Both the three-dimensional space-267

charge effect and the intrabeam scattering effect were included in the simulation268

self-consistently. Here, we have used 625 million macroparticles and 64 × 64 ×269

2048 grid points to compute the Coulomb potential of the space-charge effect270

and the Rosenbluth potentials of the intrabeam scattering effect in the beam271

frame.272

We started with an initial electron beam distribution at the exit of a modified273

compact low emittance injector design [33]. This distribution was obtained274

by running the self-consistent multi-particle tracking simulation with the real275

number of a 100 pC charge electrons through the low emittance injector using276

the IMPACT-T code [47]. Using the real number of electrons helps capture277

the shot noise in the initial electron beam. Figure 9 shows the initial current278

profile at the entrance to the linear accelerator from the low emittance injector279

output. The peak current is less than 12 A with 1.0 mm RMS bunch length.280

The transverse normalized emittance is 0.1 mm mrad. The uncorrelated energy281

spread is about 1 keV.

Figure 9: Initial current profile at the entrance of the accelerator.

282

This initial distribution was matched into the above 60 period low beta283
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FODO lattice and then rematched into the first linac section (L1) lattice. Fig-284

ure 10 shows the electron beam transverse RMS size evolution through the entire285

linear accelerator and through the matching section, the low beta FODO lattice,286

and L1 linac. It is seen that the initial RMS beam size is less than 200 micron287

and decreases gradually through the accelerator due to acceleration damping.288

Inside the low beta FODO lattice, the electron RMS size is squeezed below 20289

microns but well-matched through the lattice. Figure 11 shows the transverse290

RMS projected emittance evolution through the linear accelerator. It is seen291

that the emittance is reasonably preserved through the accelerator. The major292

horizontal emittance growth is after BC2 due to the coherent synchrotron radi-293

ation effect. The emittance growth through the low beta FODO lattice is small.294

Figure 10: Electron beam RMS size evolution through the entire linear accelerator (top) and
through IBS FODO lattice and L1 (bottom).

295
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Figure 11: Electron beam RMS emittance evolution through the linear accelerator.

Figure 12: Electron beam slice uncorrelated energy spread before (red), after (blue) the FODO
lattice, and before the bunch compressor one (green).

Figure 12 shows the electron beam slice uncorrelated energy profile before,296

after the low beta FODO lattice, and before the bunch compressor one. It297

is seen that after the low beta FODO lattice, the electron beam attains near298

8 keV uncorrelated energy spread. There is little uncorrelated energy spread299

growth before the BC1 through the linear accelerator section L1 due to the larger300

transverse beam size in this section. From the above microbunching instability301

gain calculation, such a level of uncorrelated energy spread should be able to302

substantially mitigate the effect of the microbunching instability.303

Figure 13 shows the final longitudinal phase space, current profile, uncorre-304

lated energy profile at the exit of the linac three (L3). A dechirper was used to305
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remove the linear correlation in the longitudinal phase space. The effect of the

Figure 13: Electron beam final longitudinal phase space (top), uncorrelated energy spread
(middle), and current profile (bottom) at the exit of the linear accelerator.

306

microbunching instability is not noticeable in the longitudinal phase space. The307

final core peak current is near 2 kA with a maximum uncorrelated energy spread308

of about 1.5 MeV. Figure 14 shows the final transverse slice emittance at the309

exit of the linear accelerator. For the flat core longitudinal phase space, both310

the horizontal and vertical slice emittances are below 0.15 mm mrad. The initial311

low emittance of the beam is reasonably well preserved through the accelerator.312
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Figure 14: Electron beam final transverse slice emittance at the exit of the linear accelerator.

313

5. Conclusions314

The microbunching instability in an x-ray FEL linear accelerator can cause315

significant degradation of electron beam brightness and was normally controlled316

by using a costly laser heater at the entrance of the accelerator. In this paper,317

we studied the microbunching instability in a different regime of an x-ray FEL318

linear accelerator with an initial lower peak current high brightness electron319

beam. In this regime, we observed that modest initial uncorrelated energy320

spread can substantially reduce the microbunching instability gain. Instead of321

using the laser heater, we suggested an alternative method that uses a section322

of low beta FODO lattice to mitigate the microbunching instability for the323

x-ray FEL linear accelerator with a low emittance injector. Using a 100 pC324

electron beam with 0.1 mm mrad and 1 mm RMS bunch length, the intrabeam325

scattering effect through a 36 m low beta FODO lattice induces nearly 8 keV326

uncorrelated energy spread. Such an uncorrelated energy spread is sufficient327

to mitigate the microbunching instability gain through a double-chicane linear328

accelerator. In order to demonstrate the feasibility of the suggested method, we329

solved the Fokker-Planck equation with Landau collisional term to account for330
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the intrabeam scattering effect self-consistently using the Langevin approach.331

The self-consistent simulation through an LCLS-II-HE alike x-ray FEL linear332

accelerator with the low beta FODO lattice instead of the laser heater showed no333

microbunching instability effect on the final electron longitudinal phase space334

with a near 2 kA core peak current. The transverse emittance through the335

low beta FODO lattice and the accelerator was reasonably well preserved in336

the simulation. This suggests that the low beta FODO lattice method could337

be used as an effective method to mitigate the microbunching instability in338

this type of x-ray FEL linear accelerator with a low emittance injector. The339

suggested FODO lattice in this study might still be too long to fit into any340

existing x-ray FEL accelerator facilities. It could be useful in the future x-ray341

FEL accelerator by including this lattice early in the design or by combining this342

lattice with multiple bending magnets to shorten the straight distance between343

the entrance and the exit of IBS heating section.344
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