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WHAT IS DARK 
MATTER?
! Dark matter is invisible

it does not interact with 
electromagnetic forces 

! Dark matter has mass
it interacts with gravity

! Dark matter interacts weakly with 
standard model particles and itself
As weakly as weak nuclear forces or 
even weaker

2NASA/JWSTRasmus Ischebeck



DARK MATTER EVIDENCE — IN THE COSMOS

3New Scientist, NASA, ESARasmus Ischebeck



DARK MATTER EVIDENCE — IN THE LABORATORY
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DARK MATTER SPECTRUM
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LIGHT DARK MATTER (LDM) PRODUCTION AND DECAY
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LIGHT DARK MATTER: INDIRECT DETECTION
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LDMX PHYSICS REACH
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LDMX DETECTOR

9Sophie MiddletonRasmus Ischebeck

!"#$%&&'(')*+

!"#$%&'()&!*+(,&"-./&#-0).&)$1).*2)3,&4 52*6678-9,)8(:)6; <=

!"#$%#&'()
!" #$%&'($)*+$),-&./0'-&+-/0)1(21$(.$&)

23)4#)1(2,'5.2/)
6" 7$8$5*)12*$/.%9):%5;0(2'/,&)32()*+-&)

1(25$&&"

!"#$%&'()%* +,(- )$ .()$ (.(/), 0&)1
"/ (/(%2(34 5$%0"%- 61$)$/ $% "/*
"--&3$/"# 5$%0"%-7%(4$&#&/2 41"%2(-
6"%34#(, $% /(+)%"# 1"-%$/,8

9:;< %(4$/,)%+4), =&/('")&4, $5 ("41
>("' (#(4)%$/ >$)1 +6,)%("' "/-
-$0/,)%("' $5 #$0 '",, )"%2() +,&/2
#$07'",, )%"4=&/2 -()(4)$%, &/
'"2/()&4 5&(#-8

!"#$%&#'()*+&,-./+0

1234
52346+7)'*&89-7:+9

8-..'/.&89-7:+9

8-9.+0;89'..+9&<7'/=**-0)9

!>?8

@A

8B+&4'.B0&#-9:&,-C+9&5D(+9'A+/0&E-9F'GH!"I">I?@!J&KB+(L+DMN



REQUIREMENTS ON THE ACCELERATOR

! Single electrons ⇒ clean initial state

! Electron energy: 4…20 GeV

! Well-defined energy and momentum: 

! Energy uncertainty: " 10–3

! Low transverse emittance

! High repetition rate

10Rasmus Ischebeck



OPTIONS TO GENERATE THE ELECTRON BEAM

11CERN; SLACRasmus Ischebeck

Extraction from a storage ring Superconducting accelerator



ALTERNATIVE OPTION: LASER-DRIVEN ACCELERATION?

12Sapra et al., Science, 367, 79-83 (2020)Rasmus Ischebeck

! Direct laser acceleration in 
integrated photonic circuits

! also known as:
! dielectric laser acceleration
! accelerator-on-a-chip



DIRECT LASER ACCELERATION IN INTEGRATED PHOTONIC CIRCUITS

! Very low emittance beam

! High accelerating gradient ~ GV/m

! Staging of multiple structures

! Integrated focusing and beam control

! To be demonstrated:

! Long structures (> 1 mm)

! Energy e#ciency

! Repetition rate

13Rasmus Ischebeck



SINGLE ELECTRON DIELECTRIC LASER ACCELERATOR

14Rasmus Ischebeck

DC electron source Dielectric laser accelerator Fixed target Detector

Missing momentum



PROPOSAL FOR LASER-BASED ACCELERATORS: 63 YEARS AGO

15Rasmus Ischebeck

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)



ACCELERATING FIELDS INSIDE DIELECTRIC STRUCTURES

16Rasmus Ischebeck
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Future experiments with a stronger second stage inter-
action will be needed to further explore issues such as
charge capture. This might be provided by using photonic
band gap structures [12] to build optical scale dielectric
waveguides for guiding the laser [13]. Such a device could
sustain large accelerating gradients approaching 1 GeV=m
while at the same time requiring less pulse energy due to
the small transverse dimensions leading to good coupling
efficiency [14]. The first experiments with such devices are
currently being planned.
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the laser wavenumber, and n2= 2.48 × 10−16 cm2W−117 is the
nonlinear refractive index, consistent with an independently
measured z-scan18 through the substrate. In a simplified picture,
this self-phase modulation works to saturate the energy gain by
forcing an otherwise synchronous electron to sample a changing
phase. For E0= 6 GVm−1, Δϕ > π, causing the sign of the field to
flip and effectively halting the acceleration. Since the saturation
can be explained by inclusion of a Kerr dephasing term in E, the
peak axial field in the structure is κE0= 1.8 ± 0.3 GVm−1 for
the highest incident field (E0= 9 GVm−1) in Fig. 1e. The value
κ= 0.2 is obtained by fitting the data to simulation as explained in
the next section. Due to the nonlinear saturation, the correspond-
ing average gradient is !G= ΔEmax/Leff= 850MeVm−1 where Leff
is an effective interaction length (see Methods for discussion).

Simulations using measured input laser profiles. The effect of
the nonlinear material response on the DLA energy gain is
simulated in three steps (Fig. 2a): first, the incident amplitude and
phase (up to a time-reversal ambiguity) are reconstructed from a
frequency resolved optical gating (FROG) measurement upstream
of the DLA; second, that reconstructed beam envelope is
numerically propagated through 499 μm of silica by solving a
generalized nonlinear Schrödinger equation (NLSE) (see
Methods) using a split-step Fourier solver on an adaptive
grid19; and finally the grating layer is simulated by the

commercial finite-difference time domain (FDTD) code Lume-
rical20, using the output of the NLSE as a source.

At low intensities the NLSE reduces to linear dispersion, but at
high intensities it predicts significant nonlinear contributions,
which can saturate the energy gain. The simulation includes self-
focusing, self-steepening, Raman scattering21 and multiphoton
absorption22; but at moderate intensities the dominant feature is
the intensity-dependent phase modulation (Kerr effect). This is
illustrated in Fig. 2b, c, which show respectively the measured
envelope of the laser used as input to the simulation and the
corresponding output of the NLSE for E0= 4.75 GVm−1. Self-
focusing is evident in the increased amplitude (blue curve) of EðtÞ
in Fig. 2b, while the effects of self-steepening and multiphoton
absorption are not noticible. Free carrier generation is not
included in the propagator, because a post-hoc calculation of the
free carrier density23,24 suggests that the induced phase change is
negligible compared to the Kerr effect until very near the damage
threshold.

Nonlinear effects are not significant in the thin layer around
the grating, and moreover the FDTD results show that the grating
layer preserves the complex amplitude and phase from the NLSE
(up to a scale factor in amplitude and an offset in phase). This is
shown in Fig. 2d by comparing the waveform input at the grating
layer to the waveform evaluated in the center of the vacuum gap.
The input and output pulses are nearly identical except for a
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Fig. 1 Electron based measurement of the accelerating field in a DLA. a Experimental setup (not to scale). The electrons are pre-accelerated by a radio-
frequency accelerator (GUN, LINAC) to 8MeV energy, and focused into the DLA by a solenoid magnet (SOL). After the electrons interact with the DLA
they are dispersed by a magnetic spectrometer and their energy spectra recorded. The incident laser group delay dispersion (GDD) is adjusted by an
upstream grating compressor (green). b Schematic of the DLA showing the relationship between the drive laser, electron beam, and the grating teeth.
c Electron energy distribution at the spectrometer screen for typical laser-on (blue) and laser-off (black) shots. Both spectra contain a total charge of nearly
3 fC. d Deconvolution of the two spectra in c. The shaded region bounds the variation caused by jitter as judged by de-convolving the on-shot in (c) with
many independent off-shots. e Maximum energy gain as function of the drive laser energy (error bars indicate a 70% confidence interval accounting for
jitter in both time-of-arrival and the laser-off distribution). Simulated energy gains (green) are shown for an on-axis particle (dashed) and averaged over
many particles in a beam (solid). In all cases saturation is caused by dephasing while the accelerating field continues to increase linearly to 1.8 GVm−1

before nearing the damage threshold (red)
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optical parametric amplifier (OPA) generates infrared (IR)
pulses with a central wavelength of 1930 nm and a pulse du-
ration of 100 fs. The IR pulses with a polarization parallel to the
z axis illuminate the dual pillars from one side exciting the op-
tical near-fields [see Fig. 1(d)]. An ultraviolet (UV) beam with a
central wavelength of λUV ! 266 nm is generated via second-
harmonic generation and subsequent sum frequency generation
of the fundamental and second harmonics of the Ti:sapphire
laser. The UV pulses are focused onto the Schottky tip, with
a filament current below the DC emission threshold. Thus,
electron pulses are emitted via single photon absorption. The
resulting pulse train has an initial energy of 28 keV (β ! 0.32) and
an initial energy spread of∼0.5 eV. After propagation through the
electron optics, the electron pulses have a temporal length of
≥ 400 fs, measured via cross-correlation with the laser pulses at
the accelerator structure [22]. The electron pulses are focused to
the entrance of the dual pillar channel. In order to increase the
temporal overlap between the electrons and the near-fields, the
IR pulse length is stretched from 100 to 650 fs using a Fabry–
Perot bandpass filter. This allows all electrons to interact with
the excited near-fields. We temporally overlap the electron pulses
with the laser illuminating the structure by controlling the arrival
time of the IR pulses with a delay stage. After the electrons have
interacted with the near-fields, they enter a magnetic spectrometer
with a resolution of ∼30 eV. The spectrally dispersed electrons are
incident onto a micro-channel plate (MCP). Spectra are acquired
from the phosphor screen of the MCP via a CCD camera and
integrated over many iterations for each measurement to improve
the signal-to-noise ratio. The spectral resolution of the detection
system in this Letter is limited to ∼200 eV.

Figure 3 shows the measured electron energy spectra for two
structures, with and without a DBR. The peak electric field
over a 9.0 μm waist radius for both structures is 0.5 GV/m.
We observe a maximum energy gain of "0.44# 0.05$ keV

for the structure without the DBR and "0.69# 0.05$ keV
for the structure with the DBR. This corresponds to 1.57 times
higher energy gain when the DBR is added. This result implies
the existence of a non-zero phase shift,Δφ ∼ 0.3π, between the
incident field and the reflected field from the DBR. The ideal
design had targeted a Δφ ! 0 to double the field amplitude
in the acceleration channel. However, this was not exactly
achieved experimentally due to the fabrication tolerances.

To measure the maximum achievable acceleration gradient,
we examined a different set of dual pillar gratings with a DBR
whose geometrical parameters are the same as the structures used
earlier. This time we used 28.4 keV electrons for different pulse
energies. We observed partial structural damage at a peak electric
field of "1.4# 0.1$ GV∕m. Figure 4 shows the measured elec-
tron energy spectra for different incident peak electric fields
nearly up to the structure’s damage threshold. The energy spectra
broaden as the peak field increases, meaning that electrons are
gaining or losing more energy as the peak field increases. At a
1.4 GV/m peak electric field, a maximum energy gain of "1.6#
0.1$ keV is achieved. The acceleration gradient (Gacc) is calcu-
lated by the longitudinal energy gain (ΔE) over the structure’s
length (L),Gacc ! ΔE∕L. We achieved a maximum acceleration
gradient of "133# 9$ MeV∕m for a "12.0# 0.1$ μm long
structure.

To determine the efficacy of a DBR in theory and the accel-
eration gradient limit for our current structures, we performed
particle tracking simulations for structures with the same geo-
metrical parameters as the fabricated ones. Figure 5 shows the
calculated electron energy spectra, as the incident peak electric
field varies up to 1.4 GV/m limited by the structure’s damage
threshold observed experimentally. Here, 28.4 keV electrons
are chosen to stay synchronized with the near-field phase
velocity. The electrons are transmitted through the simulated

Fig. 3. Energy spectra of 28.1 keV electrons modulated by the ex-
cited near-fields between the two rows of pillars. The dotted line shows
the spectrum taken from the dual pillar grating without a DBR, and
the solid line denotes the structure with a DBR. Both structures are
illuminated by a 1930 nm, 650 fs laser beam with a peak field am-
plitude of "0.50# 0.1$ GV∕m. The structure with a DBR shows
57% more energy gain for the same laser and electron beam param-
eters. This corresponds to a phase shift of ∼0.3π between the incident
field and the reflected field from the DBR.

Fig. 4. Measured energy spectra of 28.4 keV electrons after inter-
acting with the near-fields excited by a 1930 nm laser beam with a
pulse duration of 650 fs inside the acceleration channel of a dual pillar
grating structure with a DBR. The maximum peak electric field of
1.4 GV/m is limited by the laser damage threshold of the structure.
The inset plot shows the maximum longitudinal energy gain (ΔE) as a
function of the peak electric field. A maximum energy gain of "1.6#
0.1$ keV is achieved for the "12# 0.1$ μm long structure.

1522 Vol. 44, No. 6 / 15 March 2019 / Optics Letters Letter
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CONCEPT FOR AN ENERGY-EFFICIENT ACCELERATOR

! Incorporate an accelerating structure in a laser cavity

! high accelerating fields ⇒ use a dielectric

! high e#ciency ⇒ recycle the laser pulse energy in the cavity

23Rasmus Ischebeck

The average, effective unloaded gradient is

hG0i !
1

!!

Z !0"!!

!0
F1#!$d!: (13)

The change in the beam kinetic energy in passing
through the structure is

!Ukin ! qL
!

hG0i% q
"
cZH

"2 " k
#$

; (14)

and the effective unloaded gradient should be used in the
expression for the optimum charge

qopt !
hG0i

2#cZH="2 " k$ : (15)

The beam produces fields in the accelerating mode. One
manifestation of this is the ‘‘self-field’’ that decelerates
the source charge with gradient GF. Another is fields
radiated out of the downstream end of the accelerator
given by

Eb#!$ ! %2kq&"#!% !0$ %"!!% #!0 " !!$"'
( %2kqS#!; !0$; (16)

where " is the step function. The fields produced near the
downstream end of the accelerator arrive the earliest
when the bunch arrives at ! ! !0 "!!, and the fields
produced at the beginning propagate at the group velocity

and arrive at ! ! !0. This expression is shown to satisfy
energy conservation in Appendix A.

III. INTRACAVITY, ACTIVELY MODE-LOCKED
ACCELERATOR

A. Accelerator/laser cavity equation

The intracavity, actively mode-locked laser driven ac-
celerator is illustrated in Fig. 3. The accelerator structure
is incorporated into a laser cavity consisting of a gain
medium, amplitude modulator, and four mirrors. Three of
the four mirrors are assumed to be completely reflecting.
The fourth mirror, the one located at position 3, is a
partially reflecting beam combiner, and an external laser
beam is injected into the cavity at that mirror. Losses,
other than those associated with the beam combiner, are
included and parametrized by a loss factor #. The laser
envelope at location n is Fn#!$ where ! is measured from
the center of the pulse

The particle beam is a train of bunches of charge q
spaced at the round-trip laser period T, which includes the
dispersive effects of the gain medium. Bunches are !0
ahead of the corresponding laser pulse at location 1, and
phases are defined by taking the phase of the beam
current as zero.

This cavity is an actively mode-locked laser with
seeding in the accelerating mode from the beam induced
field and, in addition, from the external laser. An equation
for F1#!$ is developed in Appendix B by closely follow-
ing Siegman’s treatment of active mode-locked homoge-
nous lasers [7]. It is

q

z = 0 z = L

Accelerator Structure

ZC   βg   βphase = 1

Modulator

Μ  ωm

Gain Medium

αmpm   δωa    ωa 

r Eext, φext

El

cT

2

3

1

5 4

τ

τ0

FIG. 3. (Color) The intracavity, actively mode-locked laser driven accelerator. The parameters of the different elements are
discussed in the text, and the subscripts 1; . . . ; 5 refer to the locations indicated in the cavity.
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The parameters , , and can be calculated for a single cell using CST Studio Suit (or vice versa). 

These parameters can change along the structure (homogenous structure) or stay identical (non-
homogenous structure).
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Increasing the Number of Drift-Sections
•Beam energy: 10 MeV 
•Laser energy: 200 MV/m 
•Number of macro-cells: 15 

and 30 
•Number of micro-cells: 3500 
•Structure length: 7 mm 
•Initial energy spread: 0.001

!#
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Increasing the Number of Drift-Sections
•Beam energy: 100 MeV 
•Laser energy: MV/m 
•Number of macro-cells: 15 

and 30 
•Number of micro-cells: 3500 
•Structure length: 7 mm 
•Initial energy spread: 0.001
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SPIN CONTROL

! Two-color processes (using frequencies $ and 2$) allow flipping the spin of 
electrons

27S. McGregor, W. C.-W. Huang, B. A. Shadwick, and H. Batelaan, Phys. Rev. A 92, 023834 (2015)Rasmus Ischebeck



SPIN CONTROL

! Generation of a spin-polarized beam analogous to the Stern-Gerlach experiment 
polarizing atoms

28Matthias Dellweg, Carsten Müller: http://arxiv.org/abs/1607.08793v2Rasmus Ischebeck
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Spin-polarizing interferometric beam splitter for free electrons

Matthias M. Dellweg and Carsten M�uller
Institut f�ur Theoretische Physik I, Heinrich Heine Universit�at D�usseldorf, Universit�atsstr. 1, 40225 D�usseldorf, Germany

(Dated: June 16, 2021)

A spin-polarizing electron beam splitter is described which relies on an arrangement of linearly
polarized laser waves of nonrelativistic intensity. An incident electron beam is � rst coherently
scattered off a bichromatic laser � eld, splitting the beam into two portions, with electron spin
and momentum being entangled. Afterwards, the partial beams are coherently superposed in an
interferometric setup formed by standing laser waves. As a result, the outgoing electron beam is
separated into its spin components along the laser magnetic � eld, which is shown by both analytical
and numerical solutions of Pauli' s equation. The proposed laser � eld con� guration thus exerts the
same effect on free electrons as an ordinary Stern-Gerlach magnet does on atoms.

PACS numbers: 03.75.-b, 41.75.Fr, 42.25.Ja, 42.50.Ct

Introduction.| Spin-polarized electron beams are use-
ful for a number of applications in various � elds of physics
[1]. They are used, for example, to study magnetic prop-
erties in condensed matter systems [2], electron-exchange
processes in atomic collisions [3], and the inner structure
of the nucleon in deep-inelastic scattering [4]. In high-
energy physics, spin-polarized electron (and positron)
beams can enhance the experimental sensitivity and ren-
der additional observables accessible [5].

There are various methods to generate spin-polarized
electrons [1]. At � rst sight, the most straightforward
way would be to split an electron beam into its spin
components, just as a Stern-Gerlach setup does with
a beam of atoms. However, for charged particles, the
spin-separating mechanism in an inhomogeneous mag-
netic � eld is hindered by the in uence of the Lorentz
force, as already pointed out by Bohr and Pauli [6{
8]. Instead, spin-polarized electrons are produced, for
instance, by elastic scattering from unpolarized high-Z
atomic targets. Due to spin-orbit coupling, considerable
degrees of polarization are attainable this way { though
at moderate intensities. Alternatively, one may exploit
the spin-orbit interaction in bound states and photoion-
ize polarized atoms. Of great practical importance is
photoelectron emission from GaAs photocathodes [1] or,
more advanced, strained semiconductor superlattices [9]
after selective photoexcitation into the conduction band.

In principle, macroscopic laser � elds can also affect the
electron spin. While laser-electron interactions usually
are dominated by the coupling of the � eld to the elec-
tron charge, under suitable conditions the electron spin
may play a role [10]. Spin effects have theoretically been
predicted, for instance, in strong-� eld photoionization of
atoms [11{ 14] and, very recently, also observed in exper-
iment for the � rst time [15]. Besides, spin- ip transitions
were studied theoretically in laser-assisted Mott [16, 17]
and multiphoton Compton scattering [18{ 20]. In general,
laser-induced spin effects were found to be rather small,
unless the � eld frequency or intensity is very high.

In the present paper, we describe a new method to gen-

erate spin-polarized electron beams. It relies on coherent
electron scattering from laser � elds and quantum path-
way interferences. In the ideal case, the setup is capable
of perfectly splitting an incident electron beam into its
spin components along the laser magnetic � eld direction.
Thus, the � eld con� guration acts as a Stern-Gerlach de-
vice for free electrons (see Fig. 1).

Coherent electron scattering through the Kapitza-
Dirac (KD) effect on the periodic potential generated by
laser waves resembles the diffraction of light on a grat-
ing, but with the roles of light and matter interchanged
[21{ 23]. In its original version [21] the effect involves two
photons from a standing wave: The electron absorbs a
photon of momentum −!κ⃗ and emits another of momen-
tum !κ⃗ (stimulated Compton scattering). This way, the
electron is elastically scattered, reverting its longitudi-
nal momentum from +!κ to −!κ (in our case κ = 2k).
The effect has been con� rmed experimentally both in the
Bragg [24] and diffraction [25] regimes. Related experi-
ments observed the KD effect on atoms [26].

KD scattering can be sensitive to the electron spin [27{
29]. The spin-dependent version, used in the � rst stage of
Fig. 1, relies on a three-photon process in a bichromatic

x

y

z j +⟩

j −⟩

FIG. 1. Scheme of the spin-polarizing interferometric beam
splitter. An incident electron beam is � rst coherently Bragg
scattered off a bichromatic laser � eld with frequencies ω (red)
and 2ω (blue), splitting the beam into two portions. Af-
terwards, the latter are coherently superposed via scattering
from monochromatic standing laser waves. Due to quantum
interference, the outgoing electron beam is separated into its
spin components along the laser magnetic � eld. Further de-
tails of the beam geometry are speci� ed in the text.



INTEGRATED PHOTONIC CIRCUIT ACCELERATORS FOR DARK MATTER SEARCH

! Clean initial signal

! High repetition rate

! Potential for good energy e#ciency

! Possibility to control the spin

29Sapra et al., Science 367, 79–83 (2020)Rasmus Ischebeck
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čk
ov
ić
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