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Solar convection zone 
Rm ~ 108
Re ~ 1015

NASA-SOHO

Jupiter’s core
Rm ~ 106
Re ~ 1012

NASA/Lunar and Planetary 
Institute

ESA/Hubble illustration

Cyg X-1 accretion disk
Rm ~ 1010
Re ~ 1011

Omega Nebula (HII ISM)
Rm ~ 106
Re ~ 107

ESO

*Rm and Re estimates from Zel’dovich+ 1983

Galactic gaseous disk
Rm ~ 106
Re ~ 109

ESO/S. Brunier

§ Timescales associated 
with diffusion processes 
that quench fluctuations 
(e.g., viscosity) and decay 
magnetic fields (e.g., 
resistivity), are significantly 
longer than advection 
timescales.

§ Codified in associated 
Reynolds numbers:

Magnetized turbulence is ubiquitous in the Universe
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B-field vectors and optical 
image (Hubble) of M51 CR anisotropy (Pierre Auger Collaboration 2017

Magnetic field strength in the 
cosmic web (Ryu+ 2012)

§ Origin of cosmic magnetic fields 
(Kulsrud+ 1997, Kulsrud & Zweibel 
2008)

§ Fluctuation dynamo (Rincon 2019, 
Schekochihin 2021)

§ Diffusive transport and acceleration 
of cosmic rays (Jokipii 1966, 
Zweibel 2013)

§ Anomalous transport in galaxy 
clusters – cooling flows problem 
(Fabian 1994, Markevitch+ 2003, 
Peterson & Fabian 2006, Kunz+ 2011)

§ Star formation rate (Krumholz & 
McKee 2005), efficiency (Federrath & 
Klessen 2013), and stellar mass 
distribution (Padoan & Nordlund 2002)

Galaxy cluster merger (Miniati 2015)

Magnetized turbulence is a key agent in several 
astrophysical processes



TDYNO Collaboration – Experimental studies of 
magnetized turbulence and the processes it mediates 

6

§ Magnetized turbulence, fluctuation dynamo, cosmic ray transport and acceleration



The first experimental demonstration of fluctuation dynamo was 
achieved at the Omega Laser Facility
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Tzeferacos+ Nature Communications 2018

Tzeferacos+ Phys Plasmas 2017

~ k -5/3

2019 American Physical Society John Dawson Award 

for Excellence in Plasma Physics Research

"For innovative experiments that demonstrate turbulent dynamo in the 

laboratory, establishing laboratory experiments as a component in the study of 

turbulent magnetized plasmas, and opening a new path to laboratory 

investigations of other astrophysical processes.”



The dynamo breakthrough spring boarded a concerted effort by 
TDYNO to study astrophysical processes mediated by turbulence
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FLASH simulations and TDYNO Omega experiments furnish 
the first temporal characterization of fluctuation dynamo
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FLASH simulations and TDYNO NIF experiments help 
unravel thermal conduction suppression in galaxy clusters 
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Markevitch+ 2003 

J. Meinecke+ Science Advances 
8, eabj6799 (2022)



FLASH simulations and TDYNO GSI experiments to understand 
particle transport and acceleration in stochastic magnetic fields
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K. Moczulski+ Phys. Plasmas
31, 122105 (2024)

§ The UNILAC ions  undergo acceleration 
due to the lower-hybrid drift instability with 

resulting in energizations of 𝛿ℰ ~ 264 keV



Measurement of ion acceleration and diffusion in a laser-driven 
magnetized plasma – GSI experiments
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§ Laser interferometry revealed the absence of strong fluid- scale turbulence.

§ Acceleration and diffusion of the beam ions was driven by wave-particle 
interactions. A possible mechanism is particle acceleration by electrostatic, 
short scale length kinetic turbulence, such as the lower-hybrid drift instability.

T.-Y. Chu+ Nature Communications
17, 335431(2026)



§ Fluctuation dynamo is less efficient in supersonic 
turbulence than subsonic (Seta & Federrath 2021), 
with growth rates Γ and saturation values Rsat=EB/EK 
that decrease with M.

§ The critical Rm for dynamo onset is also expected to 
be 3x larger than that of equivalent subsonic cases 
(Federrath+ 2014).

§ Fluctuation dynamo in subsonic (left)
and supersonic turbulence (right) 
(Seta & Federrath 2021)

Fluctuation dynamo in supersonic turbulence – Theory and 
simulations predict a less efficient, harder to achieve dynamo 

13
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§ The Vulcan experiments (White+ Nat. Commun. 2019) utilized a modified version of the TDYNO platform to 
investigate the statistical behavior of highly compressible hydrodynamic turbulence at large fluid Reynolds 
numbers (Re ~ 104).

§ Using Schlieren imaging, gated optical interferometry, and spectroscopy, we measured the turbulent 
plasma state and showed how density and velocity power spectra evolve from an initially Kolmogorov-
like slope towards that of steady-state Burgers (1948) turbulence.

Experiments that target supersonic magnetized turbulence 
at Vulcan (RAL, UK) and the Megajoule Laser (LMJ, France)
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§ Using FLASH simulations, we ported the TDYNO platform to LMJ and leveraged the radiative properties of 
the aluminum plasma to decrease the sound speed and create compressible, magnetized turbulence. 

§ We demonstrated the creation and modest amplification of turbulent magnetic fields (Bott+ PRL 2021), 
diagnosed using TNSA proton radiograph. Our results are broadly consistent with the expectation that 
magnetic-field amplification is less efficient in supersonic, low-Pm turbulence, as compared to moderate-
Pm subsonic turbulence. 

Experiments that target supersonic magnetized turbulence 
at Vulcan (RAL, UK) and the Megajoule Laser (LMJ, France)

15
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The demonstration of supersonic turbulent dynamo is achieved by 
leveraging the OMEGA TDYNO platform, (1) tweaking with FLASH 
simulations to get the Rm & sound speed conditions just right

Cs (cm s-1):
η (cm2 s-1):
and Rm ∝ 1/η  

Need high enough Te for Rm > RmC but low 
enough for uturb> Cs: A Goldilocks problem!

Credit: Hannah Poole
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The demonstration of supersonic turbulent dynamo is achieved by 
leveraging the OMEGA TDYNO platform, (2) and with two dedicated 
OMEGA-60 shot days to collect the necessary data

OMEGA-60 shot day, June 6 2023
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The platform fully utilizes the rich diagnostic capabilities of the 
Omega Laser Facility: X-ray imaging
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§ X-ray imaging, to capture the 
fluctuations in intensity that can furnish 
the density fluctuations in the 
turbulent plasma (Tzeferacos+ 2018) 
and craft the map of the electron 
temperature (Meinecke+ 2022, 
Valenzuela-Villaseca+ 2024).
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§ X-ray imaging, to capture the 
fluctuations in intensity that can furnish 
the density fluctuations in the 
turbulent plasma (Tzeferacos+ 2018) 
and craft the map of the electron 
temperature (Meinecke+ 2022, 
Valenzuela-Villaseca+ 2024).

§ Optical Thomson Scattering (OTS), to 
fully characterize a small volume in 
the turbulent plasma through the ion 
acoustic wave (IAW) and electron 
plasma wave (EPW) signals, including 
the turbulent velocity (Poole+ 2024a,b).

The platform fully utilizes the rich diagnostic capabilities of the 
Omega Laser Facility: X-ray imaging, OTS

19



D3He
Capsule

Grid B
Foil B

Grid A

22.5
23.0

23.5
24.0

24.5

526.00

526.25

526.50

526.75

527.00

Time (ns) W
av

ele
ng

th
 (n

m
)

1

0

-1
1

0
-1

1

0

2

3

5

4

Distance (mm)D
ist

an
ce

 (m
m

)

N
or

m
ali

ze
d 

Pr
ot

on
Fl

ux

t =21.7 ns

OTS Beam

OTS Collection

Protons

§ X-ray imaging, to capture the 
fluctuations in intensity that can furnish 
the density fluctuations in the 
turbulent plasma (Tzeferacos+ 2018) 
and craft the map of the electron 
temperature (Meinecke+ 2022, 
Valenzuela-Villaseca+ 2024).

§ Optical Thomson Scattering (OTS), to 
fully characterize a small volume in 
the turbulent plasma through the ion 
acoustic wave (IAW) and electron 
plasma wave (EPW) signals, including 
the turbulent velocity (Poole+ 2024a,b).

§ Proton radiography, to image the 
stochastic fluctuations of the magnetic 
fields and assess their magnitude 
(Bott+ 2017).

The platform fully utilizes the rich diagnostic capabilities of the 
Omega Laser Facility: X-ray imaging, OTS, and PRAD
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Temporally resolved optical Thomson scattering characterizes the 
turbulent plasma within the Thomson volume
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Temporally resolved optical Thomson scattering characterizes the 
turbulent plasma within the Thomson volume
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Temporally resolved optical Thomson scattering characterizes the 
turbulent plasma within the Thomson volume
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Temporally resolved optical Thomson scattering characterizes the 
turbulent plasma within the Thomson volume
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Line-of-sight integrated density-weighted electron temperatures are 
inferred from X-ray emission imaging
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Line-of-sight integrated density-weighted electron temperatures are 
inferred from X-ray emission imaging
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Evolution of the amplification of path-integrated magnetic fields is 
inferred from proton radiography

27



The combination of these diagnostics provides a consistent picture of 
fluctuation dynamo operating in a supersonic turbulent plasma! 

28



U.S. DOE Office of Science/FES: Driven HED turbulence 
to design validation TDYNO experiments (2025 PECASE Award)

29

Federrath+ PRL 2011
Federrath JPP 2016

§ A Department of Energy Early Career Research 
Program Award enables us to study high-energy-
density (HED) magnetized plasma turbulence using 
driven turbulence simulations with FLASH. 

§ This effort holistically studies HED magnetized 
turbulence in regimes where plasma physics 
processes are important and go beyond the 
simplified approximations used in current 
theoretical models and numerical simulations. 

§ The research combines theory, high-performance 
computing simulations with the FLASH code, and 
experiments on our nation’s laser facilities to 
establish a basis for laboratory astrophysics 
investigations on the nature of magnetized HED 
turbulence and fluctuation dynamo.



Bott+ PNAS 2021

While the resistive rad-MHD simulations of the experiments do a good job at 
predicting the dynamics and dynamo amplification, the integral scale of the 
resulting magnetic field is consistently smaller than the experiment

30

§ The characteristic value of the integral scale Lint,B in the FLASH 
simulations is closer to the previous periodic-box simulations 
(~0.3L, e.g., Cho & Ryu 2009, Seta+ 2020) than to the 
experimental value (~L). 

§ Possible explanations: 
§ Additional physics not present in resistive MHD simulations 

(e.g., order unity Hall parameter, Haines 1986)
§ Difference in spectrum of initial magnetic fields (Seta & 

Federrath 2020)
§ Differences in the dissipation mechanisms (Schekochihin 

2020)

§ Intriguing, given the long-standing problem of explaining 
observed scale of tangled magnetic fields present in the ICM 
(Roh+ 2019, Vazza+2018)

H03: Haugen+ 2003
S04: Seta+ 2004



Driven turbulence Hall MHD simulations of fluctuation dynamo

31Mohapatra+ under review arXiv:2609.03183

Magnetic energy (erg)§ The new xMHD terms have been incorporated in 
FLASH’s generalized Ohm’s Law, allow us to test 
these hypotheses. 

§ The simulations use a 3D domain (𝐿 = 1 𝑐𝑚) with 
uniform density and sound speed. The  turbulence 
is driven stochastically in a narrow wavenumber 
range using the “stir” unit (Federrath+ 2010) with 
solenoidal forcing (∇⋅𝐹𝑠𝑡𝑖𝑟=0).

§ Simulations use a 1283 grid, including viscous, 
resistive, and Hall terms.

Plasma Regime at saturation

§𝑀 ≡ %
&!
	= 0.2	 − 0.6

§𝑅' ≡
%(
)
	= 300 − 650

§𝑅* ≡ %(
+
= 300 − 650

(emulating Bott+ 2021)

§𝑃* ≡ ,"
,#
	= 1 − 2

§𝑅- ≡
.
-
= 20 − 25 

§ℎ ≡ &
/$%(

0&
1'

Hall	ratio

§𝑙𝑖/𝐿	(Hall	parameter)



We observe a reduction in magnetic saturation levels with increasing 
ion inertial length 𝒍𝒊 (i.e., increasing Hall parameter) 
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𝑅𝑚'22	~	450

§ Despite different values of the Hall parameter 
(li/L), the Hall ratio, h, converges to similar values.

§ Saturated Em/Ek decreases for increasing	li/L.

§ All cases exhibit 
similar exponential 
growth rates during 
the kinematic phase 
before diverging and 
saturating at different 
energy levels. 

§ The saturated Em/Ek 
appears to scale with 
the Hall parameter  
as (li/L)-2. The scaling 
can be derived by 
comparing the  cha-
racteristic timescales 
of Hall-induced field-
line drift with the 
turbulent stretching at 
the smallest scales.

Mohapatra+ under review arXiv:2609.03183



The Hall effect alters the saturation level of the field when the ratio of local 
advection to Hall effect,𝑹(𝒉,𝒈𝒔), is comparable to the ratio of local 
advection to resistive diffusion, 𝑹(𝒎,𝒈𝒔)

33

§ The Hall effect starts competing with resistivity and eventually 
determines the saturation level when 𝑅ℎ,𝑔𝑠 / 𝑅𝑚,𝑔𝑠 ≤ 1. The red 
dashed line marks the onset of Hall dominance at 𝑅ℎ,𝑔𝑠/𝑅𝑚,𝑔𝑠 =1.8, 
while the black dashed line represents the onset of saturation.

Mohapatra+ under review arXiv:2609.03183

𝑹𝒉,𝒈𝒔 =
𝛁× 𝒗×𝑩

∇× 𝑱
𝑛𝑒×𝑩

𝑹𝒎,𝒈𝒔 =
𝛁× 𝒗×𝑩
𝜂 𝛁×𝑱

At the grid scale, 
𝑙 = 𝑙3, we define



The difference is also seen in the distinct magnetic energy spectrum 
the Hall simulation develops, compared to the no-Hall case

34Mohapatra+ under review arXiv:2609.03183

§ As the turbulence evolves, the Hall case exhibits less overall magnetic energy in the 
inertial range and more efficient energy transfer to smaller scales. Can the Hall term 
explain the difference we see in the experimental results? Where does the energy peak?



Proton radiography formally images the MHD current and we find 
that Hall modifies the current density structures in the turbulence

35Mohapatra+ under review arXiv:2609.03183

§ The Hall terms broadens the current spectrum 
leading to more small-scale power and faster 
dissipation, resulting in thinner current sheets, with 
lower total current and more intermittent structures.

§ The peak current in the inertial range though, 
moves to lower k, i.e., larger scales.



A quantitative comparison between driven turbulence FLASH simulations 
and the TDYNO experimental data shows that Hall physics may partially 
explain the discrepancy seen in the resistive MHD design simulations

36Mohapatra+ under review arXiv:2609.03183

§ Comparison of normalized magnetic-energy spectral shapes from the Hall (orange) and resistive (blue) runs, 
with a close-up at the top of the inertial range, where the energy peaks (panel b). The Hall case has a higher 
spectral peak, indicating that a larger fraction of the available magnetic energy in the system is concentrated at 
that scale, compared to the resistive (no-Hall) case. 

§ This behavior is consistent with the Bott+ (2021) results (panel c),  where more spectral power was located at 
large k in the magnetic-energy spectra from the experimental path-integrated magnetic field maps (in red) than 
what computed from simulated path-integrated magnetic field maps from the design FLASH simulations (in blue).



Summary
§ The advent of high-power lasers has opened new fields of plasma physics research and has enabled the 

reproduction of astrophysical environments in the laboratory. 
§ The TDYNO platform was designed with FLASH simulations to demonstrate fluctuation dynamo in the lab 

for the first time, at the Omega Laser Facility at the Laboratory for Laser Energetics.  Leveraging this platform, 
a modified target design has realized the generation of a supersonic turbulent interaction region.

§ The temperature and density evolution of the turbulent plasma were characterized with temporally-resolved 
2ω optical Thomson scattering and X-ray emission imaging, and its magnetic field inferred from proton 
radiography.

§ Combining these measurements, we have accumulated enough evidence to infer that supersonic turbulent 
dynamo has been demonstrated in a laboratory for the first time, at the Omega Laser Facility at the Laboratory 
for Laser Energetics.

§ The experimental results motivated the development of new theories for HED magnetized turbulence in 
regimes where plasma physics processes are important and go beyond the simplified approximations used 
in current theoretical models and numerical simulations. 

§ Fluctuation dynamo Hall MHD simulations revealed how Hall MHD alters the attainable magnetic field 
strength and the shape of magnetic energy power spectrum, uncovering a new saturation mechanism and  
explaining our TDYNO experimental findings!
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