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• Dimensions of vacuum fluctuations
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European X-ray Free Electron Laser (EuXFEL)
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Short laser pulse

1 ps → 300 mm

1 fs → 300 nm 



Variable delay

Probe pulse

Pump pulse

Dt

Pump-probe experiments

Sample 

Ions, electrons, light
Pulse length

Arrival-time jitter



Optical laser: 

400 nm, 130 fs

GaAs

Photon in / photon out method



200 µm

FEL: 

28 nm, 25 fs

Time to space mapping

Optical laser: 

400 nm, 130 fs

GaAs
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Th. Maltezopoulos et al., NJP 10 033026 (2008)

1 pix ≡ 26.5 fs
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Standard vacuum technology

Scroll pump

10-4 mbar at 300 K

2.4×1018 part. / m3

Turbo pump

10-10 mbar at 300 K

2.4×1012 part. / m3

Ambient air

1 bar at 300 K

2.4×1025 part. / m3

+ ion-getter pumps + baking at  > 100 °C +  cold traps:

10-12 mbar at 300 K

2.4×1010 part. / m3



Virtual electron Virtual Positron

In 1934 Furry and Oppenheimer wrote:

Vacuum fluctuations of charged particle–antiparticle pairs would affect the value of the 

dielectric constant of the vacuum, because of the polarizability of the nascent pairs, the 

dielectric constant of space into which no matter has been introduced differs from that of 

truly empty space

In 1957 Dicke wrote:

Vacuum could be considered as a dielectric medium

Frank Wilczek:

Virtual particles are transients, which appear in our equations but not in our detectors.”

Vacuum fluctuations

G. B. Mainland and B. Mulligan

J. Phys. Conf. Ser. 1239 012016 (2019)

J. Phys. Conf. Ser. 1956 012016 (2021)

Real electron

Real electron



= 3.2×10-22 sec

= 9.7×10-14 m

= 1.1×1039 VF / m3

Density of VF

G. B. Mainland and B. Mulligan

J. Phys. Conf. Ser. 1239 012016 (2019)

J. Phys. Conf. Ser. 1956 012016 (2021)



E = hf, f = E/h = 2mc2 / h

felectron = 2.48×1020 Hz and Telectron = 4.04×10−21 sec

Zitterbewegung gives a particle its “size”

Bohr “orbit time” 150 as = 1.5×10-16 seconds

Electron interacts with VFs 37122 times during one orbit !!!

Dimensions - VF versus atom

Bohr diameter: 1.06×10-10 m

VF length: 9.7×10-14 m

Bohr diameter = 1093 VF length

Bohr volume = 6.9×108 VF volume



𝑏 = 2 ⋅ 𝑧𝑅 = 2 ⋅
𝑛 ⋅ 𝜋 ⋅ 𝑤0

2

𝜆

Depth of field: b

Rayleigh length: zR

𝑤0 =
2 ⋅ 𝜆 ⋅ 𝑓

𝜋 ⋅ 𝐷

D

D = 7 cm, l = 800 nm, f = 41 cm → w0 = 3 mm,

w0 = 3 mm → b = 71 mm  (with n = 1)

c* = c / 137 with refractive index n = c/c* = 137 (diamond has 2.4)

Light through 3 mm “normal” VF:   10 fs

Light through 71 mm “normal” VF: 237 fs

Light through 71 mm doubly photo-excited VF: 237 fs x 137 = 32.5 ps

Focus of high-power laser pulse



20 fs correspond to 6×10-6 m = 6 mm

Focus area: p * (3 mm)2 = 2.83×10-11 m2

Focus volume = 1.7×10-16 m3

6 J / 1.5 eV leads to 2.5×1019 photons per pulse

→ 1.5×1035 photons / m3 in the focus

VF density: 1.1×1039 VF / m3

… and ELI is factor of 42 higher (250 J)

Approaching VF density …



Low photon density

9.7E-14 m



High photon density – Tail of pulse

9.7E-14 m

?

Front of pulseTail of pulse Center of pulse



9.7E-14 m

?

High photon density – Cross-correlation



9.7E-14 m

?

High photon density – Saturation ?



Fast diodes

Delay measurement

100 ps



?
Fast diodes

Reflectivity measurement

Other observables:

- Spectrum ?

- Pulse duration ?

- Wavefront ?



V = p * w0
2 * b = p * (3 mm)2 * 71 mm = 2×10-15 m3

p * V = N * kB * T   (kB = 1.38×10-23 J/K and T = 300 K)

pmax = N/V * kB * T = 2.1×10-6 Pa = 2.1×10-8 mbar → for N = 1

Maximal pressure



Summary

• Photon densities in a high power laser focus approach VF densities

• If two photon-excited VF appear, this will increase e0 and decrease c 

• Ideas for future pump-probe experiments on VF 

like arrival-time, pulse duration, reflectivity change, …

Thank you for your attention !!!


