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Accelerators on a Chip

Rasmus IschebeckRasmus Ischebeck

Imagine a sunny day in Zurich. 
About 500 trillion photons from the sun reach Zurich every femtosecond.
Now imagine that you could take all these photons, and align them coherently in a micrometer-size 
cavity.
You would get enormous electromagnetic fields, which you could use to accelerate charged particles.

Rasmus Ischebeck

Such power densities can actually be achieved by femtosecond lasers!
People have been proposing to build laser-based accelerators since a long time.



Laser-Based Accelerators

;

Shortly after lasers were invented it was suggested to 
use them to accelerate particles. 

Koichi Shimoda, Applied Optics 1 (1), 33 (1961) 

Shimoda
Appl. Opt. 1 (1), 33 (1961)

In fact, the idea to accelerate electrons with a laser is older than the word "laser"!

How to Accelerate Charged Particles

:

Rasmus Ischebeck – Accelerators Beyond LHC and ILC.  Uni Wuppertal, 2009-04-30!

How to Accelerate Charged Particles

Assume:

• an ultrarelativistic particle 

of charge e

• moving along the z axis

• accelerated by a plane 
electromagnetic wave
that propagates at an

angle ! to the z axis

e-

k

!

"

But one needs more than an electromagnetic wave to accelerate!

Let’s look what happens in a plane wave

How to Accelerate Charged Particles

<

Rasmus Ischebeck – Accelerators Beyond LHC and ILC.  Uni Wuppertal, 2009-04-30!

How to Accelerate Charged Particles

Then:

• Position of the electron

• Electric field

• Energy gradient

e-

k

!

"

The average acceleration by plane waves in vacuum is zero…



Lawson Woodward Theorem
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Rasmus Ischebeck – Accelerators Beyond LHC and ILC.  Uni Wuppertal, 2009-04-30!

Lawson Woodward Theorem

• Every wave in far field can be written as a superposition of plane waves

• The Lawson-Woodward Theorem states:

• the total acceleration

• of ultrarelativistic particles 

• by far-field electromagnetic waves 

• is zero

!Need near-field structures

electron

electromagnetic

wave

Woodward, J. IEE 93 (1947)

Lawson, IEEE Trans. Nucl. Sci. 26 (1979)

Palmer, Part. Accel. 11 (1980)

—> Requirement of near-field structures

Rasmus Ischebeck

No acceleration is possible with plane waves in vacuum.
Need to provide boundary conditions to Maxwell’s equations
—> Need for an accelerating structure
This accelerating structure is at a distance comparable to the wavelength of the fields.
Here: superconducting cavity for 1.3 GHz fields, corresponding to 23 cm wavelength in vacuum.
> What can we do to get structures with a size suitable for laser acceleration?

Rasmus Ischebeck Taylor Ratli!

Plasma waves have a longitudinal electric field
Here: plasma generated by an ultrashort laser pulse
Phase velocity is equal to the speed of light
Electrons can be captured in the wave



Rasmus Ischebeck

Or: build accelerating structures from dielectrics
Using manufacturing techniques of the semiconductor industry and advanced free-form manufacturing 
techniques

Rasmus Ischebeck

Structures have micrometer size
Hundreds of structures fit on the palm of a hand

Challenges: structure manufacturing
Semiconductor industry is investing 3.2e11 CHF/y (3 SwissFELs / day) into manufacturing of 
micrometer-scale structures
Di!erent advanced manufacturing techniques
Now supplemented by free-form methods
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r · ~E = 0

r · ~H = 0

r⇥ ~E = �µ0
@ ~H

@t

r⇥ ~H = "0
@ ~E

@t

~E(x, y, z, t) = Ẽ(x, y) · ei(!t�kz)

~H(x, y, z, t) = H̃(x, y) · ei(!t�kz)

Ẽ(x, y) = ET (x, y) + ~ezEz(x, y)

H̃(x, y) = HT (x, y) + ~ezHz(x, y)

x

y z

b

a

Assume a rectangular waveguide made from perfect conductors
Solve Maxwell’s equations to find waves that can propagate inside the waveguide
—> look for modes with a wave-like behavior in z
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Rectangular Waveguide

7:

E-field phase animation inside a rectangular waveguide.
Source: cst.com

Ez(x, y) = E0 sin
⇣⇡m

a
x
⌘
sin

⇣⇡n
b
y
⌘

Hz(x, y) = 0

Hz(x, y) = H0 sin
⇣⇡m

a
x
⌘
sin

⇣⇡n
b
y
⌘

Ez(x, y) = 0

m,n 2 N

Solving these equations would exceed the scope of this lecture… I will give only the most important 
results!

Transverse electric and transverse magnetic modes 
Good news: TM modes have longitudinal electric fields
(Unlike in vacuum, where TEM modes have transverse electric (and magnetic) fields)



• Q&A*G&4$E>13"23&E>423#P&
• T1"2#B*1#*&A4*/@#&("2&+*&("/(%/"3*@&A1>$&3)4#&

• T)*1*&4#&"&(%3>AA&A1*O%*2(C&
• U"B*#&G43)&/>G*1&A1*O%*2(C&("22>3&E1>E"?"3*&

42&3)*&G"B*?%4@*&

• .)"#*&B*/>(43C&>A&3)*&$>@*

Rectangular Waveguide

7<

vp =
!

k
=

cq
1� f2

c
f2

> c

fc =
1

2
p
"µ

r⇣m
a

⌘2
+
⇣n
b

⌘2

More details: see Jackson, Electrodynamics

Fields propagate above a certain minimum frequency
Phase velocity is always larger than the speed of the particles

Rectangular waveguides can thus not be used as particle accelerators!
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Expressed in polar coordinates equation (3.10) is a Bessel di↵erential equation whose solutions are
the Bessel functions of the first kind J

m

(�r). Applying the boundary condition gives � = u

mn

/b,

 

mn

(r,�) = J

m

(u
mn

r/b)eim�

, m = 0, 1, 2, . . . , n = 1, 2, . . . (3.11)

Here, u
mn

denotes the nth root of the mth Bessel function.

The electric transverse component as well as the magnetic field are now given by

E
t

=
ik

�

2
r? (3.12)

B
t

=
µ

r

✏

r

!

ck

e
z

⇥E? (3.13)

so the field is fully described.

For synchronicity with a particle beam the dispersion relation !(k) is relevant. The general
expression for a z-symmetric geometry is given implicitly in equation (3.9). In case of a hollow
cylinder it is

!(k) =
c

p
✏

r

p
k

2 + (u
mn

/b)2 (3.14)

Considering a hollow waveguide with dielectric loading, a 6= 0, this dispersion is clearly di↵erent.
But in the limit of vanishing inner radius it has to satisfy this dispersion. After describing the
field in such a loaded waveguide, the change in dispersion when a decreases is investigated in
sec. 6.1.

3.1 Waveguide with dielectric loading

The relative permittivity is di↵erent along the radial direction

✏

r

(r) =

(
1, 0  r  a

✏

r

, a  r  b

(3.15)

which splits equation (3.10) into a part for 0  r  a with �1 and a part for a  r  b with �2,
where

�

2
1 =

!

2

c

2
� k

2
, �

2
2 = ✏

r

!

2

c

2
� k

2 (3.16)

It is clear that for a given frequency ! there is exactly one corresponding longitudinal wave
vector k(!) resp. for a given wave vector k exactly one frequency ! corresponds to it, since the
wave propagates through the structure everywhere with the same properties. This allows us to
express �1 with �2 and vice versa. Either depending on the frequency or the wave vector.

�1(!) =
!

2

c

2
(1� ✏

r

) + �

2
2 (3.17)

�1(k) =
1

✏

r

�2 +

✓
1

✏

r

� 1

◆
k

2 (3.18)

This will be used when solving the condition for the dispersion relation.
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The situation is similar for circular waveguides
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To fully describe the boundary value problem the transition at the interface is required. The
longitudinal electric field component E

z

is continuous as well as the transverse magnetic field B

�

at r = a. But in transverse direction the electric field is not continuous since the displacement
field D = ✏E is instead.

E

z

(r = b) = 0 (3.19)

E

z

(r+ = a) = E

z

(r� = a) (3.20)

B

�

(r+ = a) = B

�

(r� = a) (3.21)

✏0✏rEr

(r+ = a) = ✏0Er

(r� = a) (3.22)

In the region of the dielectric, r > a, the solution of eq. (3.10) has to be extended with the Bessel
functions of second kind, Y

m

(�2r). The coe�cients of the superposition are already chosen such
that the condition of vanishing longitudinal electric field is already satisfied.
Due to time constraints of this thesis we will limit us to the first mode from now on. It will have
to be discussed elsewhere how to couple an external laser beam to this mode.
The solution for the field is
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(3.25)

where the parameters �1, �2, as well as the amplitudes E1 and E2, are determined by eq. (3.16)
and the boundary conditions.
By applying the boundary condition (3.20) of a continuous longitudinal electric field the ampli-
tudes are related by

E2 = E1
J0(�1a)Y0(�2b)

J0(�2a)Y0(�2b)� J0(�2b)Y0(�2a)
(3.26)

Including this result in the boundary condition (3.22) requires

1

�1

J

0
0(�1a)

J0(�1a)
� ✏

r

�2

F

0
0(�2a)

F0(�2a)
= 0 (3.27)

where

F0(�2a) = J0(�2a)�
J0(�2b)

Y0(�2b)
Y0(�2a) (3.28)

F

0
0(�2a) = J

0
0(�2a)�

J0(�2b)

Y0(�2b)
Y

0
0(�2a) (3.29)
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Max Kellermeier

a

b

Modify this structure by adding a dielectric layer with some dielectric constant inside the metallic 
waveguide
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Only two unknown parameters remain. Together with the relations in eq. (3.16) the transcen-
dental equation (3.27) can be solved numerically for a given wave vector k or a given frequency
!. One has to pay attention to the square root in the definition of �1. While �22 will always be
positive, �21 can become negative and therefore �1 is imaginary. From eq. 3.16 we know that �2
decreases while increasing k. Since the coe�cient of the second term in �1(�2, k) is negative, eq.
3.17, it will cancel the first one when k reaches a certain point.
The transition from �1 being real to imaginary occurs at the crossing of the dispersion with the
speed of light dispersion, meaning ! = ck. At this point �1 vanishes. For increasing wavevector
!

2
/c

2 � k

2 is negative.
In this region r < a the behavior of the fields, described by  (r), changes significantly when going
from real to imaginary �1. The Bessel function J0(ix), for real values of x, has a behavior similar
to cosh(x) and increases monotonically with r. Only at the interface r = a the longitudinal field
starts to drop until it vanishes at r = b.
Figure 3.1(a) the resulting dispersion is shown, together with the speed of light dispersion and the
one of a fully loaded waveguide, a = 0. Additionally the point of operation to match synchronic-
ity is marked as the crossing with !(k) = �ck. For this example the radial field dependence is
plotted in figure 3.1(b).

(a) (b)

Figure 3.1: (a) Dispersion !(k) for a waveguide with a = 270 m, b = 400 m, loaded with
silicon, ✏

r

= 11.67. At the crossing with �ck the synchronisity condition is satisfied. (b) The
corresponding maximum field distribution with E0 = 100MeV. Since the transverse components
vanish when E

z

is maximal and vice versa, E
r

and B

�

are shown at a shifted period of ⇡/2.

6

Analytic expressions for the electromagnetic fields can be found
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Figure 5.2: Screenshot showing the complete user interface with initial settings including the input section, the output section and the
figures.12

Max Kellermeier

Tool to calculate the fields, and to propagate a particle beam through this structure
Written by Max Kellermeier as a semester thesis
See link at the end of this talk
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Franz Kärtner

(a)

(b) (c)

Figure 3: (a) THz LINAC and source with the THz acceler-
ation chamber and accompanying power supplies, chillers
and pumps � t on a portable optical cart. (b) Image of
the electron beam from an MCP at 50 kV. (c) Compari-
son between simulated (black) and measured (red) electron
bunch at MCP, with 25 fC per bunch, a σ⊥ = 513 � m and
∆E = E = 1 : 25 keV. After the pin-hole the transverse emit-
tance is 25 nm-rad and the longitudinal emittance is 5.5 nm-
rad.

THz LINAC

A 60 kV DC photo-emission electron gun was used as the
injector for the THz-driven LINAC. Dielectric-loaded cir-
cular waveguides, described in the previous section, were
optimized for non-relativistic electron beams and used as
the acceleration structures. The accelerating waveguide is
10 mm in length, including a single tapered horn for cou-
pling the THz into the waveguide. The electron beam pro-
duced by the DC electron gun, shown in Fig. 3(a), operates
with 25 fC per bunch at a repetition rate of 1 kHz. The
photo-emission laser is a 350 fs UV pulse produced by 4th

harmonic generation from the 1 � m laser. Fig. 3(b) shows
an image of the electron beam produced by the MCP camera.
A focusing solenoid is used to collimate the beam after the
THz LINAC. The electron beam energy is determined via
energy-dependent magnetic steering with a dipole located
after the accelerator. PARMELA simulations were used to
model the DC gun, Fig. 3(c), and the THz LINAC. Align-
ment between the THz waveguide and the DC gun is pro-
vided by a pin-hole aperture in a metal plate with a diameter
of 100 � m that abuts the waveguide. The THz pulse is cou-
pled into the waveguide downstream of the accelerator and
it propagates the full length of the waveguide before being
re� ected by the pin-hole aperture, which acts as a short at
THz frequencies. After being re� ected the THz pulse co-
propagates with the electron bunch. The interaction length

Figure 4: Measured (black) and modeled (red) energy spec-
trum with THz (a) off and (b) on at a gun voltage of 59 kV.

is limited to 3 mm due to the low initial energy of the elec-
trons which results in the rapid onset of a phase-velocity
mismatch between the electron bunch and the THz pulse
once the electrons have been accelerated by the THz pulse.

The energy spectrum from the electron bunch with and
without THz is shown in Fig. 4 for an initial mean energy
of 59 keV. The electron bunch length after the pin-hole,
σz = 45 � m, is long with respect to the wavelength of
the THz pulse in the waveguide, λg = 315 � m, resulting
in both the acceleration and deceleration of particles. The
THz waveguide is sensitive to the initial energy of the elec-
tron bunch, due to the rapidly varying velocity of the elec-
trons. If the initial energy is too low, acceleration is not ob-
served. With the available THz pulse energy, a peak energy
gain of 7 keV was observed by optimizing the electron beam
voltage and timing of the THz pulse. The modeled curve in
Fig. 4(b) was � t with on on-axis gradient of 4.9 MeV/m,
indicating some loss of THz pulse energy due to misalign-
ment. At the exit of the LINAC, the modeled transverse
and longitudinal emittance are 240 nm-rad and 370 nm-rad,
respectively. This increase in emittance is due to the long
electron bunch length compared to the THz wavelength and
can be easily remedied with a shorter UV pulse length.

CONCLUSION

THz pulses generated via optical recti� cation of a 1 � m
laser were used to accelerate electrons in a simple and prac-
tical THz traveling-wave accelerating structure. A gradient
of ∼10 MeV/m with 2 � J was achieved during transmission
testing. A energy gain of 7 keV was achieved over a 3 mm in-
teraction length. Performance of these structures improves
with an increase in electron energy and gradient making
them attractive for compact accelerator applications. With
upgrades to pump laser energy and technological improve-
ments to THz sources, GeV/m gradients are achievable in
dielectric-loaded circular waveguides. The available THz
pulse energy scales with IR pump energy, with a recently re-
ported result of 0.4 mJ and ∼1% conversion efficiency [11].
Multiple stages of THz acceleration can be used to achieve
higher energy gain with additional IR pump lasers for sub-
sequent stages.
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A16 Advanced Concepts

Experiments have been performed at MIT with an accelerator with this geometry
Results will be shown here next week
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Accelerating Structures

55

Typically, the electromagnetic fields can not be expressed by analytical formulae
—> numerical modeling

Time Domain Simulations

5JUwe Niedermayer

Structure shown on the bottom, using vacuum (white) and dielectric (cyan)
Electric fields shown in the top plot
Periodic structure
Periodicity in the simulation achieved by boundary conditions, such that only one cell needs to be 
modeled

Simulation of the Electromagnetic Field in 3D

5;Uwe Niedermayer

Of course, the simulation calculates the electromagnetic field on a three-dimensional grid



Coupling of a Laser Field

5:

S41*(34>2"/&&(>%E/*1&

U"B*?%4@*U"B*?%4@*U"B*?%4@*

Immo Sollner et al. “ Deterministic photon–emitter  
coupling in chiral photonic circuits”

Tyler Hughes

Coupling of an external field into the structure
Here: coupling of a plane wave in vacuum to the waveguide

Accelerating Fields

5<Yelong Wei
Accelerating Force Deflecting Force

Accelerating and deflecting forces can be calculated from the electromagnetic fields
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Acceleration of Single Particles

58Uwe Niedermayer

Energy gain is calculated by tracking single particles along the structure



Collective Effects: Space Charge, Wake Fields… 
Here: Example from a Conventional Accelerator

5X

Longitudinal delta-function wake per cell fro the average
cell in the SLAC Linac. Dot-dashed curve: contribution by
the fundamental mode. Solid curve: analytical extension.

Karl Bane,
SLAC-PUB 4169 (1986)

Next steps in the simulation are presently being carried out by my colleagues
Results are not yet presentable, thus I am showing here calculations performed for classical accelerators 
(metallic structures, 3 GHz)

Tolerance Studies 
Here: Example for a Conventional Accelerator

5YBolko Beutner

Tolerance studies important to build accelerators that work more than once…

Rasmus Ischebeck

A large variety of accelerating structures has been invented…



Double Grating Struture

J7

E/"2*&G"B*

Yelong Wei

Among the first structures that were investigated experimentally:
dielectric lined circular waveguides, and gratings

Grating transforms a plane wave into an accelerating mode by periodically re-phasing the field

• H1"342?&31"2#A>1$#&E/"2*&G"B*&423>&"((*/*1"342?&A4*/@

Single Grating

J5

radiation source [21,22] at a metal grating of 250 μm
period, but acceleration gradients were too small (keV=m)
to compete with rf accelerators. Our proof-of-concept
experiment exploits this effect in the vicinity of a dielectric
grating structure. The difference to the originally proposed
inverse Smith-Purcell effect is that here the grating modes
are excited in transmission as opposed to reflection [20].
The dielectric grating used in our experiment is directly

compatible with the double grating structures proposed by
Plettner et al. [9,23–26]. Recently, dielectric laser accel-
eration of relativistic electrons has been observed at SLAC
[27], in parallel with our demonstration of nonrelativistic
electron acceleration at a similar structure [28]. Because of
the intercompatibility of the two experiments, an all-optical
laser-driven accelerator, including nonrelativistic and rela-
tivistic sections, seems now feasible. In this paper we
present a detailed overview of our experiment, including
setup, simulations, and results.

II. THEORY

Particle acceleration at a grating is based on the
diffraction of laser light oscillating with a frequency
f ¼ c=λ, with c the speed of light and λ the laser wave-
length. The diffracted light field is associated with evan-
escent modes, also known as spatial harmonics, in close
vicinity of the grating surface. The nth spatial harmonic is

characterized by n oscillations per grating period λp [n ¼ 3
in Figs. 1(a–c)]. Therefore, it propagates along the grating
surface with a phase velocity vph ¼ fλp=n ¼ cλp=ðnλÞ.
Hence, particles with the velocity v ¼ βc ¼ vph can surf
on and continuously interact with this synchronous mode.
This yields the synchronicity condition [25]

β ¼
λp
nλ

: (1)

By solving the wave equation ðc2∇2 − ∂2=∂t2ÞE⃗ðr⃗; tÞ ¼ 0,
it can be shown that the field strength falls off exponentially
with increasing distance from the grating surface with a
decay constant

Γ ¼ βγλ
2π

; (2)

with γ ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p
[26]. Because of the field geometry of

the synchronous mode the particle can experience accel-
eration, deceleration, or deflection, depending on its relative
position inside the field [Figs. 1(a–c)]. The effect of all other
asynchronous spatial harmonics averages to zero over time.
As nonrelativistic electrons significantly change speed

during the acceleration they may run out of phase and
eventually become decelerated again. Therefore, in future
experiments the grating period needs to be adaptively

FIG. 1 (color online). (a–c) Three consecutive snapshots in time (a quarter optical period apart) of the electric field distribution of the
third spatial harmonic (blue arrows) above a grating (light blue structure). This surface wave, excited by a linearly polarized laser from
below (red arrows), propagates synchronously with the charged particles (numbered circles) along the grating surface. Here the charged
particles are assumed to be positrons. Depending on the relative position of the positron inside the field the force can lead to either
acceleration (1), deceleration (2), or deflection (3,4), as indicated by the blue arrows and the color shading. (d) Electron microscope
image of the fused silica grating that is located on top of a mesa, 20 μm above the substrate. The closeup shows the grating with a grating
period λp ¼ 750 nm, a trench width of 325 nm, and a depth of 280 nm. (e) Top view of the mesa with a width of 25 μm.

BREUER et al. Phys. Rev. ST Accel. Beams 17, 021301 (2014)

021301-2

Breuer et al.,
PRST-AB 17, 021301 (2014)

Double grating is di"cult to produce and to align
—> initial experiments performed with single grating

Symmetry is lost, and fields are less uniform. But: acceleration has been clearly demonstrated!

(shown here: third harmonic of the grating)

Rasmus Ischebeck

Double grating is di"cult to align.
Maybe some inspiration came when a researcher was walking around Stanford campus…



Dual Pillar Structure

J;

Byer 
Group Silicon Dual Pillar Accelerators 
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Laser 

Electron 
beam 
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!! Simple geometry; ok thermal characteristics 
!! Good field ratios: G0 > 0.4 E0 possible 
!! Driven at glancing angle: ~5º 

K. J. Leedle, A. Ceballos, H. Deng, O. Solgaard, R. 
F. Pease, R. L. Byer, J. S. Harris, submitted (2015).  

Ken Leedle

Use vertical columns instead of the grating
Alignment done during fabrication process

Double-Pillar Structure with Bragg Reflector

J:Marie Siegler

Add a series of walls behind the columns to symmetrize the fields even further

Towards 3-Dimensional Structures: Photonic Crystals

36

1887 1987
periodic electromagnetic media

with photonic band gaps: “optical insulators”

2-D 

periodic in 
two directions 

3-D 

periodic in 
three directions 

1-D 

periodic in 
one direction 

(need a 
more 

complex 
topology)

Steven G. Johnson 9

All dielectric structures presented so far were resonators with very low Q.
Possibility to improve on this: contain the electromagnetic fields.

Metals support relatively low field amplitudes.
Maybe photonic band gap structures can be used?



Photonic Band Gap Structures

37Max Kellermeier

Photonic band gap structures are widely used in fiber optics
Holes contain TE waves well (microscope image, left), rods contain TM waves (simulation, right)

Fabrication of Photonic Band Gap Structures

JX

negative-tone photoresist (IP-L from Nanoscribe GmbH). The waveguide is introduced into 
the host structure during the DLW process by switching off the writing laser when it passes 
over the waveguide region. The aspect ratio of the woodpile rod cross section has been 
adjusted by building up each rod by three individual exposures, which are laterally displaced 
by 65 nm with respect to each other [14]. Polymer shrinkage in the woodpile stacking 
direction has been pre-compensated by multiplication of all x-coordinate points in the control 
file with a factor of 1.3. Further effects of polymer shrinkage leading to distortion of the 
structure in the waveguide region have been alleviated by laterally displacing affected rods by 
empirical offsets of up to 225 nm. Aiming at a homogeneous filling fraction of the host 
structure in woodpile stacking direction, the writing laser power has been increased linearly 
by 9% from the bottom to the top of the structure. After direct laser writing a silicon replica of 
the photoresist templates is obtained via silicon double inversion [13, 14]. 

 

Fig. 2. Pilot sample of a photonic accelerator segment. (a) Top-view electron micrograph of a 
fabricated silicon structure. The waveguide position is marked by the dashed white lines. The 
two sampling areas for optical transmittance measurements in the waveguide region and in the 
reference area are highlighted by the white shaded circles. The colored arrows aim at 
connecting the sampling areas and the indicated polarizations of the incident electric fields to 
the measured spectra shown in Fig. 3(a) and (b). On the right hand side of the sample we have 
performed focused ion beam (FIB) milling in order to reveal the waveguide buried inside. (b) 
Oblique-view electron micrograph of the same sample looking at the FIB cross section with the 
waveguide opening at its centre. (c) and (d) Close-ups of the waveguide opening for two 
different characteristic z-positions of the FIB-cut separated from each other by approximately 
half a rod distance. 

We have observed that the large size of the target waveguide structure renders the host 
structure rather fragile by design during the inversion procedure. A crucial step to avoid 
deformations and, thus, to achieve a high structural and optical quality despite the given 
design is the appropriate choice of the intermediate material used during the silicon double 
inversion procedure. Here, we have chosen ZnO deposited via an atomic-layer-deposition 
process using a commercial instrument (Cambridge NanoTech Savannah 100) and diethylzinc 
and hydrogen peroxide as precursors [17, 18]. In contrast to the previously employed silica 
[13ñ 15], the ZnO inverse structure shows no obvious shrinkage upon resist removal. 

Scanning electron micrographs of a typical sample fabricated along these lines are 
depicted in Fig. 2. The total length of the sample measures approximately 100 µm, 
corresponding to the approximate length of a single accelerating cavity. The samples 
presented here are intentionally designed such that the waveguide extends only halfway 

Isabelle Staude

Three-dimensional photonic band gap structure fabricated at KIT

Components of a Particle Accelerator

JY
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All of these components will have to be built for our accelerator-on-a-chip!



The Accelerator on a Chip International Program
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International e!ort to pursue this research
Funding by the Gordon and Betty Moore Foundation

Gordon and Betty Moore Foundation

41

Foundation that funds basic research

The ACHIP Collaboration

42

Collaboration started in 2015



Project Organization
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A new 5-Year initiative in DLA has been approved by the 
Gordon and Betty Moore Foundation. 

Systems Integration 
(Core DLA Groups) 

Stanford: Byer, Harris, 
Solgaard 

Erlangen: Hommelhoff 
Light Coupling 

Stanford: Fan, Vuckovic  
Purdue: Qi 

Electron source 
 UCLA: Musumeci 

Erlangen: Hommelhoff 
Stanford: Harris, Solgaard 

Structure Design & 
Fabrication 

Stanford: Byer, Harris, 
Solgaard 

Erlangen: Hommelhoff 

Simulations 
 Tech-X: Cowan 

U Darmstadt: Boine-
Frankenheim 

Sub-Relativistic DLA 
experiments 

Stanford: Harris, Solgaard 
Erlangen:  Hommelhoff 

Scientific Advisors 
SLAC: Burt Richter 

Stanford: Persis Drell 

Relativistic DLA experiments 
SLAC: England, Tantawi 

DESY/UnivHH: Assmann, 
Kaertner, Hartl; EPFL: Rivkin 

PSI: Ischebeck, Frei 

SLAC: Lia Merminga
UCLA: Chan Joshi

DESY: Reinhard Brinkmann

Rasmus Ischebeck

Collaboration has grown significantly in the last 18 months

12

First Experimental Results…

;:

DLA

New stage assembly (XYZ + TIP/TILT motion)

TEM grid timing  diagnostic

New sample holder

laser

e-

laser

YAG

First experimental results by this collaboration will be presented next week
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Nick Veasey
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