
>  Microbunch  properties  (slice):  
Spacing:  (1.0011±0.0068)  μm,  Length:  (161±13)  as,  FWHM

>  Microbunch  properties  (full  bunch):  
Spacing:  (1.0002±0.0091)  μm,  Length:  (186±73)  as,  FWHM
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External  Injection  of  Ultra-Short  Single  Bunches

Simulations  and  Plans  for  possible  DLA  
Experiments  at  SINBAD.

> The  Accelerator  on  a  CHip International  Program  (ACHIP)  aims  to  demonstrate  a  working  
prototype  of  a  particle  accelerator  on  a  chip  until  2021

> DESY  will  conduct  related  test  experiments  at  its  SINBAD facility  (ARES  linac)
> Funded  by  the  Gordon  and  Betty  Moore  Foundation

> Three  experiments  have  been  internally  proposed  to  be  started  mid  2019
> External  injection  of  relativistic  ultra-short  single  bunches  into  a  grating-type  DLA
> Longitudinal  bunch  diagnostics  using  a  DLA-based  transverse  deflector  (design  ongoing)
> External  injection  of  relativistic  phase-synchronous  optical  scale  microbunch trains

> ARES  working  point  without  additional  focusing  (just  solenoids)
> Beam  is  collimated  just  upstream  of  the  DLA
> Simulations  performed  with  ASTRA  and  VSim 7.2  (DLA  interaction)  

> Results  show  that  the  bunches  are  already  short  enough  to  accelerate  an  ~80%  fraction
> Simulated energy  gain  over  30  periods  would  correspond  to  ~2  GeV/m  acc.  gradient

be found in Table 1. The beam parameters were simulated
using ASTRA including space charge and optimized using
LinacOpt [8] for two di�erent initial bunch charges. It has
to be noted that the low charge working point (0.05 pC) is
shown in order to illustrate the theoretical capabilities of
the linac, reaching FWHM bunch lengths close to 1/4 of the
DLA period. Due to the small channel width of ⇠1 µm the
beam needs to be collimated. This can imply a substantial
charge loss. Even though beams with charges <15 fC can
be detected using specialized intensified camera arrange-
ments [11], measuring the energy spectrum of such a beam
is challenging.

Table 1: Simulated working points for minimal bunch length
using velocity bunching.

Parameter @ IP WP 1 WP 2
Charge [pC] 0.05 0.5
Bunch Length [fs, FWHM] 1.8 2.1
E [MeV] 87.6 99.1
�E/E [%] 0.05 0.12
�

xy

[µm] 6.2 7.8
✏
n,xy [nm] 104 105

Simulation
We have conducted simulations for each working point

using a combination of ASTRA and VSim 7.2. The proce-
dure combines the simulation of the ARES working point
up to the DLA (ASTRA-based) and the DLA interaction5

(VSim-based). In this work we focus on the achievable en-
ergy gain/modulation. The beam is assumed to be collimated
just upstream of the DLA. Fig. 5 shows the energy spectrum
of the transmitted part before and after the DLA interaction
respectively. The results show that the bunch is already short
enough to accelerate a sizable fraction of its collimated core
⇠80 % in both cases. In practice the realization of accel-
eration with low energy spread growth will of course rely
strongly on the incoming time of flight jitter, which has to
be kept to a minimum. A concept to drastically minimize
this incoming arival time jitter is discussed in [9].

CONCLUSION AND OUTLOOK
We have presented plans and simulations for first DLA

experiments to be conducted once the ARES linac is avail-
able for experiments mid 2019. The first experiments at
ARES aim to show not only modulation of long electron
bunches (�

z

� 0.25 · �
s

), but also (net-)acceleration with
as small as possible energy spread growth. Since the min-
imum achievable bunch length for the first experiments is
limited by the velocity bunching scheme to values above 1 fs
FWHM and incoming time of flight jitter can blur the spec-
trum significantly, in second tier experiments we also pursue
the acceleration of phase-synchronous sub-fs microbunch
5 Any possible interaction of the electrons with the dielectric material is

not taken into account.
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Figure 5: Simulated energy spectrum of the transmitted part
of the bunch before and after the DLA interaction. The
bins are chosen according to the expected minimum energy
resolution of the spectrometer (⇠ 10�4).

trains [9]. Furthermore development of the laser system is
still on-going in order to increase the possible interaction
distance and with that the achievable energy gain.
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> Typical  DLA  parameters
> 2  micron  period  length  à <  1.5  fs  acc.  buckets
> sub  micron  sized  channel  width

Frank  Mayet1,  Ralph  Assmann,  Jörn Bödewadt,  Reinhard Brinkmann,  Ulrich  Dorda,  
Willi  Kuropka1,  Christoph  Lechner,  Barbara  Marchetti,  Jun  Zhu1
(DESY,  Hamburg,  Germany)  1also  at  University  of  Hamburg,  Germany
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gun
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13.5%m%ARES%linac

4%m%experimental%area

Matching section for chicane,%dipole

Beam  Conditioning  Scheme

Basic  representation  of  the  microbunching  scheme  using  a  modulator  
and  a  chicane.  Note  that  both  the  modulator  and  the  DLA  are  driven  
by  the  same  laser.  

Beam splitter

Magnetic chicane DLAModulator

Injection

Beam from Linac

2 micron laser beam
Delay

Longitudinal
phase space

Energy modulation Density modulation

Simulated  ARES  Working  Point  for  Microbunching
Optimized  for  minimal  energy  spread  and  chirp.  Obtained  using  ASTRA  including  
space  charge.  

Microbunching  Setup
> First  feasibility  studies  using  a  proposed  extension  of  

ARES  can  be  found  in  [1]
> Here:  Simulations  based  on  equipment  used  in  [2]
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> Alternative+SLAC+setup
! Preliminary+study,+analytical+and+via+ELEGANT

! Small+modulator+and+chicane+previously+used+at+NLCTA

! PMQ+triplet+as+final+focus

4 1 Introduction

Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.

Mod&Parameter Value

Undulator Period+[cm] 1.8

Periods 3

K 0.46T1.7

Chicane&Parameter Value

R56+[mm] 0.06T0.22

3.5. CAD DESIGN, FABRICATION, AND TESTING 41

Figure 3.6: The chicane after fabrication. The coils are temporally held in place by
tape (later removed).
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Initial Field Measurement
With Corrector Shims

Figure 3.7: The 2nd field integral through the undulator before (blue) and after (red)
correction of the end plate spacings. For a 60 MeV, the initial side step due to the
error corresponds to 340µm.

40 CHAPTER 3. HARDWARE DESIGN AND FABRICATION

Figure 3.5: Progression of the undulator design. Left: Initial undulator design after
fabrication. Center: CAD image of assembly used in the Harmonic IFEL experiment.
The stepper motors are marked in red and the LVDTs in blue. Right: Final incarna-
tion of the assembly used in the microbunching and net acceleration experiments.

3.5.1 The Undulator Error and Correction

After fabrication and assembly the undulator field was measured by a standard Hall

probe scan. Scans revealed a design error in the tailoring of the end fields. The error

produced a non-zeroed second field integral resulting in a potential beam side step

of 340µm, larger than the laser and electron spot sizes. It was eventually found that

poor meshing of the shorting plate apertures led to a simulation error that showed

a greater amount of field inside the apertures than in reality. In order to correct for

the error, additional spacers were added that pushed the end plates out an additional

14 mm. Figure 3.7 shows a plot of the 2nd field integral before and after correction of

the end plate separation. Additional smaller spacers of 0.2, 0.5, and 1mm were used

to fine tune the field integrals to zero.

The design error was actually turned into an advantage for the higher harmonics

experiment (see chapter 4). The large spacers were removed to allow the beam side

step. This enhanced coupling to even harmonics and also simplified alignment of the

laser into vacuum since now the laser could travel through the undulator at an angle

allowing an oÆ-axis turning mirror to be used.

Undulator

Chicane
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8.3. DESIGNING THE PERMANENT MAGNET QUADRUPOLE TRIPLET 107

translational oÆsets cause strong kicks to the beam. To fix the alignment, each quad

moves on a pair of steel guide rods. The 3rd quad is fixed to a common optical

stage that can move all three quads in union. The first two quads are also movable

independently by stepper motors. 5mm stoppers prevent the quads from coming

completely together, at which point the magnetic forces would prevent separating

them. Springs are also positioned around the guide rails to assist separating the

quads when the gap is small. Figure 8.6 shows the fully assembled PMQ triplet.

Figure 8.6: The Permanent Magnet Quadrupole Triplet. Not shown is a third motor
needed to drive the optical stage.

8.3.1 PMQ Measurement

Unlike the undulator and chicane which could easily be measured using a standard

Hall probe and linear motion stages( 3), the small aperture of the PMQ made mea-

surement di±cult. The Hall probe or its supporting arm often collided with the PMQ

assembly. There was even less room to move the probe transversely, a necessary step

in measuring the quadrupole gradient. It is also very di±cult to obtain information on

higher order field content from a Hall probe. Despite this, an initial attempt to mea-

sure the PMQ fields was done with a Hall probe. Two sets of scans were performed

using an axial and a transverse probe. The axial probe scans near the pole tips show

PMQ&Triplet

PMQ&Parameter Value

Bore+Radius+[mm] 3

Magnet+Length (1)+[mm] 7

Magnet+Length (2,3)+[mm] 13

Spacing+(adjustable)+[mm] 4T20

Bmax,pole [T] 0.6
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Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.
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Figure 3.6: The chicane after fabrication. The coils are temporally held in place by
tape (later removed).
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Figure 3.7: The 2nd field integral through the undulator before (blue) and after (red)
correction of the end plate spacings. For a 60 MeV, the initial side step due to the
error corresponds to 340µm.
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Figure 3.5: Progression of the undulator design. Left: Initial undulator design after
fabrication. Center: CAD image of assembly used in the Harmonic IFEL experiment.
The stepper motors are marked in red and the LVDTs in blue. Right: Final incarna-
tion of the assembly used in the microbunching and net acceleration experiments.

3.5.1 The Undulator Error and Correction

After fabrication and assembly the undulator field was measured by a standard Hall

probe scan. Scans revealed a design error in the tailoring of the end fields. The error

produced a non-zeroed second field integral resulting in a potential beam side step

of 340µm, larger than the laser and electron spot sizes. It was eventually found that

poor meshing of the shorting plate apertures led to a simulation error that showed

a greater amount of field inside the apertures than in reality. In order to correct for

the error, additional spacers were added that pushed the end plates out an additional

14 mm. Figure 3.7 shows a plot of the 2nd field integral before and after correction of

the end plate separation. Additional smaller spacers of 0.2, 0.5, and 1mm were used

to fine tune the field integrals to zero.

The design error was actually turned into an advantage for the higher harmonics

experiment (see chapter 4). The large spacers were removed to allow the beam side

step. This enhanced coupling to even harmonics and also simplified alignment of the

laser into vacuum since now the laser could travel through the undulator at an angle

allowing an oÆ-axis turning mirror to be used.
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translational oÆsets cause strong kicks to the beam. To fix the alignment, each quad

moves on a pair of steel guide rods. The 3rd quad is fixed to a common optical

stage that can move all three quads in union. The first two quads are also movable

independently by stepper motors. 5mm stoppers prevent the quads from coming

completely together, at which point the magnetic forces would prevent separating

them. Springs are also positioned around the guide rails to assist separating the

quads when the gap is small. Figure 8.6 shows the fully assembled PMQ triplet.

Figure 8.6: The Permanent Magnet Quadrupole Triplet. Not shown is a third motor
needed to drive the optical stage.

8.3.1 PMQ Measurement

Unlike the undulator and chicane which could easily be measured using a standard

Hall probe and linear motion stages( 3), the small aperture of the PMQ made mea-

surement di±cult. The Hall probe or its supporting arm often collided with the PMQ

assembly. There was even less room to move the probe transversely, a necessary step

in measuring the quadrupole gradient. It is also very di±cult to obtain information on

higher order field content from a Hall probe. Despite this, an initial attempt to mea-

sure the PMQ fields was done with a Hall probe. Two sets of scans were performed

using an axial and a transverse probe. The axial probe scans near the pole tips show
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Bmax,pole [T] 0.6
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4 1 Introduction

Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.
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Figure 3.6: The chicane after fabrication. The coils are temporally held in place by
tape (later removed).
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Figure 3.7: The 2nd field integral through the undulator before (blue) and after (red)
correction of the end plate spacings. For a 60 MeV, the initial side step due to the
error corresponds to 340µm.
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Figure 3.5: Progression of the undulator design. Left: Initial undulator design after
fabrication. Center: CAD image of assembly used in the Harmonic IFEL experiment.
The stepper motors are marked in red and the LVDTs in blue. Right: Final incarna-
tion of the assembly used in the microbunching and net acceleration experiments.

3.5.1 The Undulator Error and Correction

After fabrication and assembly the undulator field was measured by a standard Hall

probe scan. Scans revealed a design error in the tailoring of the end fields. The error

produced a non-zeroed second field integral resulting in a potential beam side step

of 340µm, larger than the laser and electron spot sizes. It was eventually found that

poor meshing of the shorting plate apertures led to a simulation error that showed

a greater amount of field inside the apertures than in reality. In order to correct for

the error, additional spacers were added that pushed the end plates out an additional

14 mm. Figure 3.7 shows a plot of the 2nd field integral before and after correction of

the end plate separation. Additional smaller spacers of 0.2, 0.5, and 1mm were used

to fine tune the field integrals to zero.

The design error was actually turned into an advantage for the higher harmonics

experiment (see chapter 4). The large spacers were removed to allow the beam side

step. This enhanced coupling to even harmonics and also simplified alignment of the

laser into vacuum since now the laser could travel through the undulator at an angle

allowing an oÆ-axis turning mirror to be used.
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translational oÆsets cause strong kicks to the beam. To fix the alignment, each quad

moves on a pair of steel guide rods. The 3rd quad is fixed to a common optical

stage that can move all three quads in union. The first two quads are also movable

independently by stepper motors. 5mm stoppers prevent the quads from coming

completely together, at which point the magnetic forces would prevent separating

them. Springs are also positioned around the guide rails to assist separating the

quads when the gap is small. Figure 8.6 shows the fully assembled PMQ triplet.

Figure 8.6: The Permanent Magnet Quadrupole Triplet. Not shown is a third motor
needed to drive the optical stage.

8.3.1 PMQ Measurement

Unlike the undulator and chicane which could easily be measured using a standard

Hall probe and linear motion stages( 3), the small aperture of the PMQ made mea-

surement di±cult. The Hall probe or its supporting arm often collided with the PMQ

assembly. There was even less room to move the probe transversely, a necessary step

in measuring the quadrupole gradient. It is also very di±cult to obtain information on

higher order field content from a Hall probe. Despite this, an initial attempt to mea-

sure the PMQ fields was done with a Hall probe. Two sets of scans were performed

using an axial and a transverse probe. The axial probe scans near the pole tips show

PMQ&Triplet

PMQ&Parameter Value

Bore+Radius+[mm] 3

Magnet+Length (1)+[mm] 7

Magnet+Length (2,3)+[mm] 13

Spacing+(adjustable)+[mm] 4T20

Bmax,pole [T] 0.6

> Goal:  Show  net-acceleration  with  low  energy  spread  growth  instead  of  modulation
> Challenge:  DLA  structures  with  periodicity  of  2  microns  require  ultra-short  bunches
> Ideally:

> Possible  ARES  working  points  have  been  identified,  
almost  reaching  that  goal  using  velocity  bunching  @  500  fC
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ELEGANT  +  OCELOT  Simulation  and  Optimization

DLA  Interaction  after  Final  Focus

>  The  undulator was  designed  for  800  nm,  60  MeV
>We  study  microbunching  at  ~1  micron  (due  to  available  laser  system)  à At  1  micron  the  resonant  energy  is  ~75  MeV
> Laser  modulator  via  ELEGANT,  all  other  elements  via  OCELOT  incl.  space  charge  and  CSR

This  work  was  supported  by  the  Gordon  and  Betty  Moore  Foundation  under  grant  GBMF4744  (Accelerator  on  a  Chip).

Longitudinal  phase  space

DRAFT
Table 3: Simulated Working Point for External Injection of
Microbunch Trains.

Parameter @ Mod Value

Charge [pC] 2.5
Bunch Length [fs, rms] 112.3
E [MeV] 75.26
� 0.76 · 10�4

✏

n,xy

[nm] 248

Table 4: Simulation parameters used in ELEGANT.

Parameter Value

Undulator
Undulator Parameter 1.7

Dispersive Section
R56 [mm] 0.13

Laser
Pulse Energy [µJ] 90
Pulse Length [fs, rms] 300
Waist [µm] 500

Figure 6: z � x phase space of a longitudinal 9 period
slice of the simulated beam at the DLA entrance showing
9 consecutive microbunches. The black line corresponds
to the projection across the horizontal axis (y axis on the
right). Microbunch length: (158 ± 19) as FWHM, spacing:
(0.9998± 0.0066) µm.

bunch case we simulated a 150 period dual grating
DLA with is operated at an accelerating gradient
of 1 GeV/m. It can be seen that the acceleration
efficiency is clearly enhanced as can be seen also in
our previous studies [? ].

5. Conclusion

We have presented two experiments, which are
planned to be conducted at the SINBAD facil-
ity using electrons produced by the ARES linac.
The current schedule foresees first tests using sin-
gle bunches in mid 2019. As a second stage we

Figure 7: Simulated energy gain spectrum of the transmit-
ted/collimated part of a 7 period slice after the DLA inter-
action. Acceleration is enhanced in the modulated case.

aim to show phase-synchronous acceleration of mi-
crobunch trains using the setup presented in Sec. 4.
This setup can potentially enable more efficient and
stable acceleration, as well as higher accelerated
charges compared to previous experiments. In ad-
dition to that the concept of a DLA-based TDS will
be further explored [? ].
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> Alternative+SLAC+setup
! Preliminary+study,+analytical+and+via+ELEGANT

! Small+modulator+and+chicane+previously+used+at+NLCTA

! PMQ+triplet+as+final+focus

4 1 Introduction

Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.

Mod&Parameter Value

Undulator Period+[cm] 1.8

Periods 3

K 0.46T1.7

Chicane&Parameter Value

R56+[mm] 0.06T0.22

3.5. CAD DESIGN, FABRICATION, AND TESTING 41

Figure 3.6: The chicane after fabrication. The coils are temporally held in place by
tape (later removed).
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Figure 3.7: The 2nd field integral through the undulator before (blue) and after (red)
correction of the end plate spacings. For a 60 MeV, the initial side step due to the
error corresponds to 340µm.

40 CHAPTER 3. HARDWARE DESIGN AND FABRICATION

Figure 3.5: Progression of the undulator design. Left: Initial undulator design after
fabrication. Center: CAD image of assembly used in the Harmonic IFEL experiment.
The stepper motors are marked in red and the LVDTs in blue. Right: Final incarna-
tion of the assembly used in the microbunching and net acceleration experiments.

3.5.1 The Undulator Error and Correction

After fabrication and assembly the undulator field was measured by a standard Hall

probe scan. Scans revealed a design error in the tailoring of the end fields. The error

produced a non-zeroed second field integral resulting in a potential beam side step

of 340µm, larger than the laser and electron spot sizes. It was eventually found that

poor meshing of the shorting plate apertures led to a simulation error that showed

a greater amount of field inside the apertures than in reality. In order to correct for

the error, additional spacers were added that pushed the end plates out an additional

14 mm. Figure 3.7 shows a plot of the 2nd field integral before and after correction of

the end plate separation. Additional smaller spacers of 0.2, 0.5, and 1mm were used

to fine tune the field integrals to zero.

The design error was actually turned into an advantage for the higher harmonics

experiment (see chapter 4). The large spacers were removed to allow the beam side

step. This enhanced coupling to even harmonics and also simplified alignment of the

laser into vacuum since now the laser could travel through the undulator at an angle

allowing an oÆ-axis turning mirror to be used.

Undulator

Chicane

Production, Characterization, and Acceleration of Optical Microbunches (2008), Christopher M.S. Sears, Dissertation

8.3. DESIGNING THE PERMANENT MAGNET QUADRUPOLE TRIPLET 107

translational oÆsets cause strong kicks to the beam. To fix the alignment, each quad

moves on a pair of steel guide rods. The 3rd quad is fixed to a common optical

stage that can move all three quads in union. The first two quads are also movable

independently by stepper motors. 5mm stoppers prevent the quads from coming

completely together, at which point the magnetic forces would prevent separating

them. Springs are also positioned around the guide rails to assist separating the

quads when the gap is small. Figure 8.6 shows the fully assembled PMQ triplet.

Figure 8.6: The Permanent Magnet Quadrupole Triplet. Not shown is a third motor
needed to drive the optical stage.

8.3.1 PMQ Measurement

Unlike the undulator and chicane which could easily be measured using a standard

Hall probe and linear motion stages( 3), the small aperture of the PMQ made mea-

surement di±cult. The Hall probe or its supporting arm often collided with the PMQ

assembly. There was even less room to move the probe transversely, a necessary step

in measuring the quadrupole gradient. It is also very di±cult to obtain information on

higher order field content from a Hall probe. Despite this, an initial attempt to mea-

sure the PMQ fields was done with a Hall probe. Two sets of scans were performed

using an axial and a transverse probe. The axial probe scans near the pole tips show

PMQ&Triplet

PMQ&Parameter Value

Bore+Radius+[mm] 3

Magnet+Length (1)+[mm] 7

Magnet+Length (2,3)+[mm] 13

Spacing+(adjustable)+[mm] 4T20

Bmax,pole [T] 0.6

> Clear  enhancement  of  the  acceleration  efficiency!
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Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.
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Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.
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A CONCEPT FOR PHASE-SYNCHRONOUS ACCELERATION OF
MICROBUNCH TRAINS IN DLA STRUCTURES AT SINBAD

F. Mayet1, R. Assmann, J. Boedewadt, R. Brinkmann, U. Dorda,
W. Kuropka1, C. Lechner, B. Marchetti, J. Zhu1, DESY, Hamburg, Germany

1also at University of Hamburg, Germany

Abstract
The concept of dielectric laser accelerators (DLA) has

gained increasing attention in accelerator research, because
of the high achievable acceleration gradients ( GeV/m). This
is due to the high damage threshold of dielectrics at optical
frequencies. In the context of the Accelerator on a Chip Inter-
national Program (�����) we plan to inject electron bunches
into a laser-illuminated dielectric grating structure. At a
laser wavelength of 2 micro-meter the accelerating bucket
is <1.5 fs. This requires both ultra-short bunches and highly
stable laser to electron phase. We propose a scheme with
intrinsic laser to electron synchronization and describe a
possible implementation at the ������ facility (����). Prior
to injection, the electron bunch is conditioned by interaction
with an external laser field in an undulator. This generates
a sinusoidal energy modulation that is transformed into pe-
riodic microbunches in a subsequent chicane. The phase
synchronization is achieved by driving both the modulation
process and the DLA with the same laser pulse. This allows
scanning the electron bunch to laser phase and will show the
dependence of the acceleration process on this delay.

INTRODUCTION
The Accelerator on a Chip International Program (�����)

funded by the Gordon and Betty Moore Foundation aims to
demonstrate a working prototype of a particle accelerator on
a chip until 2021. Being part of the ����� collaboration ����
aims to conduct related test experiments in its upcoming
dedicated accelerator R&D facility ������ [1]. The goal is
to inject ultra-short relativistic electron bunches produced by
the ���� linac [2], which is currently under construction at
������, into a Dielectric Laser Accelerator (DLA) structure
[3] for further acceleration, or deflection.

In [4] first plans and simulations for a first DLA experi-
ment at ������ using short low-charge single bunches are
presented. Here we propose a scheme with intrinsic laser
to electron synchronization and describe how it could be
implemented at the ������ facility at a later stage using the
���� linac as the starting point.

The DLA grating structures to be used in the context
of the ����� project are driven at a laser wavelength of 2
microns. Considering the theory behind the electromagnetic
fields in the accelerating channel [5,6] it can be seen that for
net-acceleration without significant induced energy spread a
FWHM bunch length of <1.5 fs is needed. This implies the
need for both ultra-short bunches and highly stable laser to
electron phase and is pushing the limits of what is possible
with the current classical accelerator technology.

In order to meet these requirements and also at same
time inject as much charge as possible into the accelerating
buckets, we propose to use a scheme that has already been
proven to be successful in other contexts [7, 8]. We want to
apply this scheme in the context of grating DLAs.

The main idea of the scheme is to condition a relatively1

long bunch in a way that it is transformed into a train of ultra-
short microbunches. If done correctly, these microbunches
then populate the periodic accelerating buckets in a phase
stable manner. In the following the scheme is presented in
detail.

BEAM CONDITIONING SCHEME

Beam splitter

Magnetic chicane DLAModulator

Injection

Beam from Linac

2 micron laser beam
Delay

Longitudinal
phase space

Energy modulation Density modulation

Figure 1: Basic representation of the microbunching scheme
using a modulator and a chicane.

Figure 1 shows a sketch of how the scheme works. The
incoming long electron bunch is modulated inside the modu-
lator, into which a laser pulse is colinearly injected in a way
that it overlaps with the electron bunch in time and space.
The external laser field consequently imprints an energy
modulation onto the electron distribution, which can in the
plane wave approximation be expressed as [9]

�� =

r
P

L

P0

2KL

u

J
�w0

cos(k
L

s), (1)

where s is the comoving longitudinal coordinate, P

L

the
laser beam power, P0 ⇡ 8.7 GW, K the undulator parameter,
L

u

the undulator length, w0 the laser waist, k

L

the laser
wave number and J = J0(⇠/2)� J1(⇠/2) with ⇠ = K

2/(2+
K

2). This energy modulation can then be transformed into
a density modulation, which ultimately (and ideally) results
in a train of microbunches. If the energy of the incoming
electrons is low enough this transformation can be achieved
by a simple drift, but in case of highly relativistic electrons
a dispersive section such as a magnetic chicane has to be

1 With reference to the 2 micron period length (! 6.67 fs) of the DLA
structure, relatively long would correspond to bunch lengths >100 fs.
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> ELEGANT+Simulation:+Schematic

4 1 Introduction

Fig. 1.1. Schematic representation of electron motion in a planar undulator and
the emission of undulator radiation. For simplicity the alternating magnetic field
and the sine-like electron orbit have been drawn in the same plane. The amplitude
of the sinusoidal orbit is exaggerated, in reality it is only a few µm

radiation because it consists of narrow spectral lines and is concentrated in a
narrow angular cone along the undulator axis. The fundamental wavelength
can be roughly estimated from the following consideration. Call λu the period
of the magnet arrangement. In a coordinate system moving with the speed of
the beam the relativistic length contraction reduces the period to λ∗

u = λu/γ,
and the electrons oscillate at a correspondingly higher frequency ω∗ = 2πc/λ∗

u

and emit radiation just like an oscillating dipole. For an observer in the labo-
ratory who is looking against the electron beam the radiation appears strongly
blue-shifted by the relativistic Doppler effect. The wavelength in the labora-
tory system is λℓ ≈ λ∗

u/(2γ) ≈ λu/(2γ2). For example, at an electron energy
of 500 MeV the radiation wavelength is more than a million times shorter than
the undulator period.
A more accurate treatment, taking into account the sinusoidal shape of the
electron trajectory and the fact that the longitudinal velocity of the electrons
is lower than their total velocity, leads to the formula

λℓ =
λu

2γ2

!
1 +

K2

2

"
with K =

eB0λu

2πmec
. (1.4)

The dimensionless quantity K is called the undulator parameter, and B0 is the
peak magnetic field on the undulator axis. The undulator parameter is in the
order of 1. The proof of formula (1.4) is presented in Chap. 2. Equation (1.4),
which is also valid for the FEL, describes the fundamental wavelength λ1 ≡ λℓ.
Note that the radiation in forward direction contains odd higher harmonics
with the wavelengths

λm =
λℓ

m
, m = 1, 3, 5, .. (1.5)

The wavelength of undulator radiation can be varied at will, simply by chang-
ing the electron energy W = γ mec2.

Production, Characterization, and Acceleration of Optical Microbunches (2008), Christopher M.S. Sears, Dissertation

LSRMDTRInternally&generated&
bunch&&according&to&a&
previous&ARES&working&

point&(IPAC)

all#parameters#according#to#Sears

Simulation&Parameter Value

Undulator Parameter+[mm] 1.7

Laser+Peak+Power+[MW] 7

Laser+Pulse+Length+[rms,+ps] 1

Laser+Waist+[um] 87

Laser+Wavelength+[nm] 2000

Simulation&Parameter Value

R
56,Chicane

[mm] 0.155

Bunch+Energy+[MeV] 53.08

Bunch+Norm.+Emittance+[nm] 304

Bunch+Energy+Spread 10
T4

Bunch+Length+[rms,+fs] 133,4+(20+P)

Bunch+Spot+Size+[rms,+um] 20

Gaussian&Laser&
Time&Profile

Modulator Chicane PMQ  TripletASTRA  Beam

ELEGANT OCELOT

Undulator Chicane PMQ  Triplet


