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Precision measurement  
at the petawatt level and above:
new frontiers via collaboration
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Needs
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Conclusion 1: The science is important. …

Conclusion 2: Applications exist in several areas. … Science is a main application of high-intensity
lasers, and all applications of high-intensity lasers rely on the fundamental science of high-intensity 
laser-matter interactions. 

Conclusion 5: The US has lost its previous dominance. … Europe and Asia have now grown to dominate
this sector through coordinated national and regional research and infrastructure programs. 

Recommendation 1: The Department of Energy should create a broad national network … as the
cornerstone of a national strategy to support science, applications, and technology of intense and ultrafast 
lasers. 

Recommendation 5: Agencies should create programs for U.S. scientists and engineers that include 
mid-scale infrastructure, project operations in high-intensity laser science in the United States, 
development of key underpinning technologies; and engagement in research at international facilities 
such as Extreme Light Infrastructure.

https://www.nap.edu/catalog/24939/opportunities-in-intense-ultrafast-lasers-reaching-for-the-brightest-light
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Outline

• Precision Measurement with high statistics (many shots)

• Potential collaborative studies

• quantum vacuum via photon-photon scattering

• time history of proton acceleration

• diagnostic tools

• Summarize
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Fundamental Physics
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“The physics case for QED experiments using intense 
lasers has two general justifications. First, many basic 
QED processes have not yet been observed or have not 
been observed in sufficiently clean experiments to allow for 
detailed comparison with QED predictions. Second, many 
extensions of the standard model predict as yet unobserved 
particles/fields. If such particles exist, they typically modify 
the vacuum polarizability and can therefore have 
observable consequences on QED processes. Therefore, 
measurement of fundamental QED processes can, when 
carefully compared to theory, constitute a search for 
physics beyond the standard model.”  

https://www.nap.edu/catalog/24939/opportunities-in-intense-ultrafast-lasers-reaching-for-the-brightest-light

Photon-photon

scattering

Studying the nature of the quantum vacuum
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The quantum vacuum
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Updated from Hill and Roso, J Phys.:  Conf. Series 869, 012015 (2017)

Parameter space where nonlinear  
response of the vacuum is expected

Polarization degree without vacuum polarization 

Polarization degree with vacuum polarization

 MNRAS 465, 492–500 (2017).

Evidence for vacuum birefringence from the first optical-polarimetry 
measurement of the isolated neutron star RX J1856.5−3754

7ξT −4ξL

L = −L0 +ξLL0
2 + 7 4( )ξTG2
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The quantum vacuum 
photon-photon scattering
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Updated from Hill and Roso, J Phys.:  Conf. Series 869, 012015 (2017)

Experiment

Power (PW) Limit
𝛏L/𝛏(QED)

Limit
𝛏T/𝛏(QED)

1 4.0 ✕ 102 2.3 × 102

10 24 14

100 0.42 0.24

Limits to single-shot observation for a 3𝜎 measurement 
(from Tommasini et al., Springer Series in Chem. Phys. 106 (2014)

Collecting multiple shot increases sensitivity

The expected number of events is: 
• ∝ N with 𝜎N ∝ √N
• N ~ 5k puts a 1 PW laser in the 

range of a 100 PW single-shot laser
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PVLAS Exclusion Region 
2016 Data
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Parameter space where nonlinear  
response of the vacuum is expected
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What ELI enables in the near term
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Name/Location Energy 
(J)

Peak Power 
(PW)

Pulse Width 
(fs)

Rep Rate 
(Hz)

HAPLS/ELI 
Beamlines 30 1 30 10

ATON (CPA)/ELI 
Beamlines 2000 10 130 1/5 min

ELI-NP 210 2 × 10 21 0.017

36,000 shots/hr

⟹ High repetition rate lasers enable physics that can be probed on a  
      singles-shot basis to be be probed when thousands of shots are taken.

What can be enabled by a US-ELI collaboration?

12 shots/hr
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Technology:  proton acceleration

• Laser-driven ion sources hold promise for many
technological advances:

• medical applications; novel secondary sources such
as fast neutron sources; direct application for
equation of states studies, etc.

• Laser-driven ion sources are promising for a number
of reasons:

• Compact; high particle flux (when high rep rate
lasers are employed); provide access to
femtosecond time-domain information; etc.

• What new could the US-ELI collaboration enable?

• High rep rates ⇒ time-history studies. 

!9

TNSA
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Time-history measurements
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Proton
Spectrometer

Prototype magnetic selector with parallel 
tracers, enabling energy-selected K𝛼 radiation, 
captured by an X-ray streak camera, to measure 
the proton time-history.
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Precision experiments:  need for diagnostics

!11

I. Accurate knowledge of the intensity in the focus. 
II. An ultra-sensitive way to assess the particle density in the focal volume.

• Requirements for a suitable technique for (I) include:
‣ able to operate at full laser power and at background chamber pressures;
‣ sensitive to changes in beam parameters that can lead to intensity degradation (e.g., chirp,

divergence, Strehl ratio, etc.);
‣ minimally intrusive and able to coexist with the primary experiment and
‣ single-shot capable, proving intensity assessment in realtime.

• Requirements a suitable technique for (II) include:
‣ 1, 2 and 4 from I plus,
‣ it must be sensitive enough to detect a single particle in the focal volume (~ 2𝜋 w02zR).
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Possible approaches:  nonlinear Thomson scattering
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• Indirect approaches, e.g., from spatial images of the focal spot:
‣ not a real time approach and thus not sensitive to beam parameter changes;
‣ has never been tested against a direct approach.

• Direct approaches:
• Relativistic, nonlinear Thomson scattering (RTS)

• Wavelength shifts of the incident light: 
Sarachick & Schappert, Phys. Rev. D 1 (1970);
Chen, et al., Nature 396 (1998)];
Tarbox, et al., JOSA B 32 (2015);

• Angular distribution of the radiation: 
Harvey,Phys. Rev. Accel. Beams 21 (2018)

• Appearance intensity for inner-shell tunnel
ionization:  Ciappina, et al., Phys. Rev. A 99 (2019)
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Centro de Láseres Pulsados (CLPU) VEGA Laser
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https://www.clpu.es/en/facilties-vega-features

f/13 → 22 𝜇m, 1018 W/cm2 < Ip < 1019 W/cm2
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• Electrons generated via
ionization up to 5 e-/N.

• RTS signal captured with two
microscope objectives and
sent to camera or
spectrometer that was gated.

• Image focal plane
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Beam 
Dump

N2:                                      n∼2×1013 	cm−3
To camera/spectrometer

To camera/spectrometer

Focal plane 
image objective

He,	et	al.,	Opts. Ex. 21, 30020

Spectrometer

Camera

RTS experiment

Microscope objectives
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RTS Results Between 1 - 7×1018 W/cm2
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He,	et	al.,	Opts.	Express	21, 30020 (2019)

Ipk
Im Δt( ) =

UCpk
TeffCsumApix

;	U = 	pulse	energy

Cpk = 	peak	count;	Teff = g t( )dt∫
Csum = inside	white	circle∑
Apix = 	camera	pixel	area

0.5 1 1.5 2 2.5 3 3.5
0

1

2

3

4

5

6

7

8

300 400 500 600 700 800 900
0

1

2

3

4

0

1

(a) (b)λr
(2) =717	nm

λr
(2) = 491	nm

λr
(2) = 480	nm

0.5 1 1.5 2 2.5 3 3.5
0

1

2

3

4

5

6

7

8

300 400 500 600 700 800 900
0

1

2

3

4

0

1

(a) (b)

θ ,φ( ) = π 2,0( )

Direct vs Indirect Intensities

Ip =
2πmec

3

r0λ0
2 1− cosθ( )

nλr
n( )

λ0
−1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

1.0 J

1.7 J

2.7 J



U.S.–ELI JOINTWORKSHOP 
 September 25, 2019

Pressure monitor
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Pe =Nγ
n( ) π
4cn

1
ΔtrL

1
f
kBT
η

1
α

cτ
w0λ0

mec
2

r0E
⎛

⎝
⎜

⎞

⎠
⎟

3/2⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
→

≥ 		9×10−15 	mbar	for	w0 ∼2	µm	@	5hr
≥9×10−16 	mbar	for	w0 ∼20	µm	@	5hr

⎧
⎨
⎪

⎩⎪

 ✔ This model suggests a sensitivity to pressures 
      in the right ball park.
 ✕ It will take hours to reach this sensitivity.
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Summary

• An engagement in international laboratories is critical to keep US at the forefront of intense-field and
ultrafast physics — this is only possible with agency support and the redevelopment of a community;

• The time is ripe for a host of fundamental studies and technology development

• The quantum vacuum and proton acceleration are two examples;

• High repetition rate lasers are key to investigating the underlying physics, which is critical if we are
to be ready to exploit 1024 W/cm2  — e.g., High Power Laser Sci. Eng. 7, e4 (2019);

• Developing in situ diagnostic tools capable of operating at high rep rate and single shot is one
example.

• US laser technologists have made key contributions to lasers in ELI; it time to support teams of US
investigators as users of these facilities.

• Similar situation holds for international attosecond user facilities.
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