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Astronomical evidence for the existence of dark matter

Galaxy Rotation Curves

Dark matter mainly participates in gravitational interactions. It has very weak interactions with the particles 

of the Standard Model and is extremely difficult to detect directly. Therefore, it is almost "invisible".

A large amount of dark matter is needed to provide 
stronger gravitational force.



Types of dark matter and their proportions in the universe

WIMPs

Axions/ALPs

Sterile Neutrinos

Small Black Holes

Mixed Scenario

Theoretically well-motivated 

1. Correct abundance

2. Stable/Long lived

3. Multiple puzzles hints

candidate types of 
dark matter
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Axion in universe
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Axion star

Axion laser
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Various detection schemes are being used to search dark matter 

BOULBY (UK)

ZEPLINE, DRIFT

China Jinping

CDEX,PandaXSURF (USA)

LUX/LZ

SNOLab (Canada)

SuperCDMS, PICO，
SENSEI, DAMIC

Modane (France) 

EDELWEISS

Gran Sasso(Italy)

XENON, DarkSideSoudan (USA)

CDMS

Canfranc(Spain)

ANAIS

Y2L (Korea)

COSINE

Stawell (Australia)

SABRE South

China, Satellite

AMS-02



A special dark matter candidate particle – axion &
its interaction with electromagnetic fields

Frank 

Wilczek

Steve

Weinberg

 Axions are theoretically proposed particles that emerge after the introduction of spontaneous

symmetry breaking in quantum chromodynamics and possess electromagnetic interactions.

Length of B field: L

Conversion efficiency ∝ 𝑩𝑳 𝟐

Lab B field length

Fermi： GammeV 5 T 6 m

CERN: LHC 10 T 10 m
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Axion generation

Primakoff effect



Current existing detection methods of axions

2. PVLAS

3. CAST, IAXO

1. LSW 1. Light-shining-through-walls

2. Polarisation of Vacuum with LASe

3. The CERN Axion Solar Telescope

Nat. Phys. 13, 584 (2017).

JINST 8, T09001 (2013).

PRD 92, 092002 (2015).

EPJC 76, 24 (2016).
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ALPS II 

468Tm



4. Interferometry

5. Quantum interferometry

6. Axion Echo 
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Current existing detection methods of axions

Regions which has been excluded
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Developing a simulation tool for axion in plasma

Eq. of axionInteraction between axion and photon

Coupling of axion and EM fields
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For details, please go to the POSTER session. 

Extremely small

How to include it?



We use field perturbation separation method to describe the axion 
generated EM field to avoid the numerical noise 

Field Perturbation Separation （FPS）method：

Considering 𝐸 = 𝐸0 + 𝐸1，𝐵 = 𝐵0 + 𝐵1，𝐸0, 𝐵0satisfy the Maxwell Eqs. w/o axion

The axion generated 

𝐸1, 𝐵1satisfies:

The perturbated current 𝑗1

The force felt by the particle

Perturbation force 13

We solve two sets of Maxwell 

Equations at the same time to 

include the axion generated EM 

fields.  



Code benchmark：axion generation by a laser field in 
a background static B field
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The theory prediction of the photon-axion conversion rate

Conversion efficiency

Laser field

Axion field
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Primakoff effect：photon-axion interaction

Frank Wilczek

2004 Nobel Prize
K

n
o

w
n

 m
a
tte

r
U

n
k
n

o
w

n
 m

a
tte

r

Intense

Laser

5%

95%

Dark matter➔Normal matter

Ultra-strong lasers have the potential to generate axions in a controlled 
manner, opening the door to the world of dark matter.
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Laser plasma based axion generation and detection

17

External B field+Wake E field
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EM fields in wakefield

Bq10mm lp

Advantage: Magnetic intensity and length (B𝒍:102Tm→105Tm), conversion efficiency is 6 

orders higher，the intense laser also increases the axion amount for another 6 orders.

Typical Magnetic field 300T
Magnetic field：now meter 

scale, try to get km level

Laser plasma wakefield based axion generation



Axion and secondary EM fields generation

19

The main parts of E, B, i.e. E0, B0 come from both 

laser fields & wakefields

The EM fields generated by axions (AREM) are 

extremely weak and are labeled by E1, B1.

Wake fields：radial polarized

Laser: y polarized Ng : Envelope of the drive laser

Source of axion: ELaser ● BWake

& EWake ● BLaser



Character of Axion regenerated EM (AREM) field 
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Description of the axion and AREM fields :Vector potential (A1y & A1z)

E1 fields show new frequency components, 0w0, w0, 2w0

E1 fields show new spatial modes (LGl,p)

matching between laser & axion



PIC simulations: Evolution and spatial distributions of  
the axion and EM fields
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Laser field

Axion field Axion generated E1z field

E1: y and z polarized, high order LG mode

Drive laser: a0=5

Lpulse= 12 T0Wpulse=

Plasma:

Axion:

Spatial distributions of the fields



High order LG modes of AREM fields
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We decompose the fields of the AREM according to the Laguerre-Gaussian (LG) modes.

Order of EM field, polarization, frequency

Laser & 

wake fields

AREM fields
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Generation efficiency compared with ALPS-II 

Axion generation efficiency along with the guiding length

The efficiency can be increased by extending the guiding length. 

However, even the laser is well guided, photon & axion phase 

mismatching will limit the axion generation. The maximum 

distance is limited by:

Axion mismatch with laser photon

Axion mismatch with AREM photon

An empty bubble can lower the 

limitation of the detectable 

axion mass. Using beam driven?
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◆ Meter scale interaction, weak AREM. Nph~1

Single photon detection

◆ Kilometer scale interaction, intense AREM. Nph >> 1

AREM detection

Polarization

Filter

Frequency 

Filter

Spatial mode 

Filter

Detection methods & limitation on the gagg constraint

Axion 

generation

ALPS-W

Wakefield based axion generation & detection 

WBAG-D

Axion detection In experiments, one should 
detect E1. The signal-to-noise 
ratio (ε=E1/E0) can be 
significantly improved through 
triple filtering (from 10-16

→10-7). 

Simulation only runs for 1 cm.  

E1/E0

E’1/E’0

The minimum detectable 
gagg depends on the 

minimum detectable of E1. 
1m interaction



Summary
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➢ Axion is one of the candidate particles of dark matter. Its coupling with the EM field (Primakoff
effect ) provides a possible way for intense laser based dark matter searching. 

➢ Plasma wake can support huge E and B fields. When it interacts with a well guided intense 
laser, axions can be generated. The inverse process can generate secondary EM fields, which 
shows higher frequency and spatial modes. 

➢ The intense fields from both of the laser and wake make the axion generation efficiency in this 
scheme is orders of magnitude higher than the existed schemes. It may also be a new 
application of LWFA.

➢ For shorter distance (meter long) interaction, the AREM photon number is limited, one should 
combine the wakefield based axion generation with the LSW scheme to detect the axion. If 
one wants to use AREM to detect the axions, long distance wake & laser guiding inside the 
bubble is still required. Beam driven may be a solution. Km level“AWAKE”based axion 
searching？

Thanks for your attention！
minchen@sjtu.edu.cn


