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Laboratory astrophysics vs conventionalastrophysics
• Laboratory experiments can be complementary to observations (we canmeasure the property of the plasma in details) and offer a means todirectly validate numerical simulations as well as reach spatial andtemporal scales not accessible by state-of-art calculations.
• Syntactic isomorphism: two systems are described by the samemathematical equations through a mapping that assigns differentphysical interpretations to the same mathematical objects.



The first objective of HRMT-62 was todemonstrate we can get high density pair jets

➜ Large number of pairs and large densities are needed inorder for the jet to behave as a plasma.
➜Experimental platform to provide test and validation ofMonte Carlo simulations.

Arrowsmith et al. Nat. Comm. (2024)



Evidence of high-yield pair plasma(as predicted from simulations)
➜ Pair beams have extended power-lawenergy distributions and divergences ofa few % (not unlike astrophysical jets).
➜ Pair beams are quasi-neutral except atlower energies <10 MeV, wherepositrons annihilate before they canescape the high-Z material
➜ Estimated pair number is >1013.
Arrowsmith et al. Nat. Comm. (2024)



HRTM-62 showed we can achieve conditionsfor studying kinetic instabilities in pair jets
Arrowsmith et al. Nat. Comm. (2024)
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Propagation of pair beams through plasmas isrelevant to many astrophysical processes

Electromagnetic field generation associated to filamentation instabilities isexpected to play a role in:• Blazar jets• Gamma-ray bursts
Understanding the microphysics of these instabilities is challenging.



HRMT-64: we combine the pair-beamgeneration to a preformed ambient plasma

Arrowsmith et al., submitted (2024)



The ambient plasma is produced using aradio-frequency discharge

Plasma cell (inductively-coupled discharge) inoperation

➜ Argon plasma produced using anICP source.
➜ Plasma is long and large enough tocontain pair beam over 100 cm.
➜ Ambient plasma is fullycharacterized using a Langmuirprobe.

Arrowsmith et al. (2023)



Magnetic fields produced by plasma instabilitiesare measured using Faraday rotation
➜ Faraday rotation signal isamplified by using a magneto-optic crystal (Terbium-GalliumGarnet).
➜ Diagnostics sensitivity is limitedby the intrinsic electrical noise inthe setup.

Halliday et al., in preparation



Full experimental implementation at theHiRadMat facility at CERN

Installation completed Remote operations from CERN ControlCenter (CCC)



The presence of magnetic fields is an indicationthat plasma instabilities are active
Shukla et al. (2019)

• Small fluctuations of magnetic field lead toseparation of currents in e+/e- beam.
• These currents further amplify magneticfield.
• The growth time is proportional to theinverse plasma frequency of the ambientplasma.

Allen et al. (2012)

• Previous Brookhaven data with 60 MeV /5 ps / 6x109 e- beam only (about 1.5o
divergence) shows formation offilaments.

• This is different from a realistic blazar'sjet (not quasi-neutral).



In HRTM-64 there is no evidence of plasmafilamentation at discharge exit

Vacuum Plasma

e+/e− e+/e−

p+p+

➜Post plasma luminescence screen show the time-integrated transverse beam profile (all speciescombined).
➜Very little difference between the images when theplasma is turned on - but filaments may be overlapped.



Numerical simulations shows filamentsforming for collimated pair beams

➜ With no transversedivergence, PICsimulations predict theformation of filamentsat the plasma exit.
➜ With transversedivergence, PICsimulations does notpredict the formation offilaments at the plasmaexit.

Divergence ∆θ=0

Divergence ∆θ=0.02

Arrowsmith et al., submitted (2024)



Growth rate of instabilities is suppressed forcollimated beams
➜ PIC simulations using realisticbeam conditions predict thatthe growth rates are stronglysuppressed compared toidealized linear theory, andsaturated magnetic fieldstrengths are much smaller.
➜ Filamentation instabilitygrowth rate estimates fromPIC simulations agree withexperimental constraint ifbeam is divergent ∆θ≥0.02.𝛤𝑒𝑥𝑝 = 1

𝑡𝑝𝑟𝑜𝑝 𝑙𝑛 𝐵𝑒𝑥𝑝𝐵0 ∼ 0.5 𝑛𝑠−1



Growth rate of instabilities is compared toother processes in the blazar’s case
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The instability grows veryfast and it reaches thesaturated state well beforethe Inverse Comptonscattering becomesimportant.

The saturated field is verysmall.

Arrowsmith et al., submitted (2024)



HRMT-64 has also been used to studyproperties of meteorite materials
Background • Material properties of asteroid samples exhibit a dynamic responseunder high-energy/ high-intensity irradiation
Relevantresearch fields • Asteroid deflection concepts‒ Accurate modeling of deflection orbits‒ Predicting transfer of kinetic energy• Study of the planetary core of the Earth• Super-Earth exoplanets], exemplified by NASA’s mission 16 Psyche• Advanced material science
Recentdiscussion Moore, Nathan W., et al. "Simulation of asteroid deflection with amegajoule-class X-ray pulse." Nature Physics (2024).• Breakthrough measurement since for the first time total momentumtransfer onto a scaled mock asteroid was achieved• No experiments are known that cover direct form of material response
MOTIVATION Measure dynamical response of momentum transferred onto themeteorite sample in real-time



Meteorite experiment took place as a parasiticproof-of-principle test
EXPERIMENTAL SETUP IN FIREBALL IICAMPO DEL CIELO IRONMETEORITE

• 27 beam shots with 440 GeV/cprotons• 14 shots at 1 x 1011 protons• 13 shots at 3 x 1011 protons• Same setup as Fireball, withmeteorite target• Measurement of radial vibrationsand deformation of the sampleusing Laser Doppler vibrometry(LDV)

• Campo del Cielo ironmeteorite was cut into acylindrical shape• 100 mm in length• 5 mm in radius
• Phase boundary wasplaced under LDV



Results from proton irradiation showsignificant hardening of meteorite material

• 8 shots @ 1011protons• σVM = 40 MPa
• 10 shots @ 1011 - 3x 1011 protons• σVM =120 MPa

• 4 shots @ 3 x1011 protons• σVM =120 MPa

LDV DISPLACEMENT DATA OVER TIME DISCUSSION

Oscillating profile „Plastic“ profile Oscillating profile • Dynamic change ofmaterial propertiesobserved
• Fast andhomogeneoushardening ofmeteorite material
• Critical advance onMoore paper: non-destructive probing& energy depositionfrom X-rays

Start EndExperimental beam shots

Breakdown of oscillations



Impact from FIREBALL Collaboration

Publications1. C.D. Arrowsmith et al. under review Nat. Phys.2. C.D. Arrowsmith et al. Nature Communications, 15(1):5029, 20243. C.D. Arrowsmith et al. JINST 18 P04008, 20234. C.D. Arrowsmith et al. Phys. Rev. Res., 3:023103, 20215. M. Bochmann et al. submitted to Nature Communications

High impact research:• 5 articles, 3 published in or submitted toNature• 14 press releases, including 2 from CERN• Attention score of 260: 99th percentile of the329,972 tracked articles of a similar age in alljournals.
• Novelty, impact and scope of researchnecessitates its continuation



The whole team in the CCC at the end ofthe experiment


