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transmitted through the resonator.
With the tools of circuit QED, both

groups are preparing to add multiple
qubits to their resonator circuits. They’re
also working to improve the quality of
their Si: more uniform, fewer defects,
and purified of isotopes that contain nu-
clear spin. But they and others might also
consider using submicron circuit inte-
gration to add another computer build-
ing block to the circuits—a local quan-
tum memory. To that end, the University
of Chicago’s David Awschalom suggests

it may be interesting to retain some rem-
nant nuclear spins or implant them into
a purified sample. “The physics of build-
ing subatomic memories using nuclear
spins has been explored in a number of
materials, including silicon, silicon car-
bide, and diamond,” he notes. “I think
it’s reasonable to imagine integrating this
capability within these classes of de-
vices.” Whereas electron spin states can
remain coherent for milliseconds, nu-
clear spins remain so for hours.

Mark Wilson
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Magnetic fields permeate the space be-
tween objects throughout the uni-
verse, from galaxy clusters to proto-

galaxies to nebulae like the one shown in
figure 1. It’s not difficult to explain how
those fields might be initiated: Weak
fields originate in astrophysical plasmas
through various mechanisms—for exam-
ple, temperature or density gradients in
the plasma that alter electron trajectories.

But it remains challenging to demon-
strate how seed fields of 10−21 gauss in
intergalactic space grow to their mea -
sured astronomical values of several 
microgauss. Theory suggests that turbu-
lent motion in an astrophysical plasma
amplifies tiny magnetic fields by convert-
ing kinetic energy into magnetic energy.
Such a self-sustaining energy conversion
mechanism is called a dynamo. 

Dynamos are often distinguished be-
tween large scale and small scale. The fa-
miliar large-scale geodynamo relies on
Earth’s symmetry-breaking rotation to
generate a magnetic field that grows at
scales larger than those of the liquid-core
motion. But in a small-scale dynamo, the
magnetic field grows below the length
scales of fluid motion. There, turbulence
operates first at the smallest length scales,
where it rapidly amplifies the fields. The
mechanism works even in isotropic 
conditions.

Now Gianluca Gregori (Oxford Uni-

versity), Petros Tzeferacos (University of
Chicago), and colleagues have measured
the amplification of a magnetic field in 
a turbulent laboratory plasma and pro-
vided the first physical demonstration of
a dynamo resulting from turbulent mo-
tion.1 The study shows that the turbulent
dynamo could be a viable mechanism for
magnetic field amplification in the lab
and in astrophysical settings.

Galaxies far, far away
To sustain a dynamo, a fluid needs to be
electrically conductive, and its motion
cannot be too symmetric. Dynamo con-
ditions also require that the magnetic

field lines stay in the plasma, rather than
diffusing away. Those conditions are
easily satisfied by the turbulent, high-
temperature, high-velocity plasma that
fills intergalactic space. 

Even though conditions favorable for
dynamos are common in astrophysical
settings, the strong turbulence is ex-
tremely difficult to replicate in the lab.
(See the article by Daniel Lathrop and
Cary Forest, PHYSICS TODAY, July 2011,
page 40.) Astronomical x-ray observa-
tions provide information about the tem-
perature, density, and composition of hot
plasmas in the universe. But observa-
tions cannot convey the geometry and

A turbulent, laser-generated
plasma can amplify magnetic
fields to cosmic scales.

Lab experiments mimic the origin and growth of astrophysical
magnetic fields FIGURE 1. NGC 604, A VAST

STAR-FORMING REGION in a
spiral galaxy 2.7 million light-
years away in the constellation
Triangulum, as imaged by the
Hubble Space Telescope. The 
hot plasma fluoresces and 
highlights the nebula’s 
shape. (Image courtesy 
of Hui Yang [University 
of Illinois] and NASA.)
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topology of the magnetic field lines, both
of which strongly affect basic plasma
processes such as thermal conduction.
Most knowledge of how astrophysical
plasmas behave is based on numerical
simulations and modeling.2

Joseph Larmor first invoked the dy-
namo mechanism a hundred years ago to
explain solar magnetic fields,3 and theo-
retical predictions of how the turbulent
dynamo should operate go back more
than half a century. In 2001 Agris Gailitis
and colleagues achieved the first labora-
tory amplification of a self-exciting mag-
netic field in a turbulent swirling flow of
liquid sodium.4 In 2012 Gregori gener-
ated shock waves in a laboratory plasma
with a laser and showed that asymmetric
shocks, like those occurring in super-
novae remnants and gamma-ray bursts,
produced seed magnetic fields.5 But the
plasma did not reach high enough tem-
perature and velocity to trigger and sus-
tain the dynamo effect. The advent of
high-power lasers has now opened a
new field of research in which astrophys-
ical environments can be studied in the
laboratory. 

Galaxy in a lab
At the Omega Laser Facility at the Uni-
versity of Rochester, Tzeferacos and his
colleagues irradiated two fixed targets of
penny-sized pieces of chlorine-doped
polystyrene foil with a series of progres-
sively stronger UV laser pulses to deliver
a total of 5 kJ to each target. The foils
faced each other 8 mm apart. The laser
energy quickly stripped and ionized
each foil’s atoms and generated two hot

plasma jets directed toward each other.
Along the way the jets each passed
through a grid of holes. The grids were
offset from each other and created in -
terpenetrating fingers of plasma that
sheared when they collided and gener-
ated a strongly turbulent region. Collid-
ing plasma jets offer a laboratory repre-
sentation of merging galaxy clusters.

“We’ve tried similar experiments at
smaller-scale facilities, but generating
plasma conditions where a dynamo can
operate was impossible. We needed the
power and diagnostics of Omega,” says
Tzeferacos. The Omega laser experi-
ments were based on earlier efforts by
Tzeferacos, Gregori, and colleagues that
used the IR Vulcan laser at the UK’s
Rutherford Appleton Laboratory but
that did not have sufficient power to
achieve dynamo conditions. (See PHYSICS
TODAY, September 2015, page 16.)

Images taken by an x-ray framing
camera showed that the experiments
reached the turbulent regime. Inhomo-
geneities developed in a region more
than 1 mm across after the plasma flows
collided (see figure 2a). The intensity
fluctuations are directly related to elec-
tron density fluctuations, which in turn
indicate the plasma turbulence. Results
from numerical simulations, seen in 
figure 2b, verify that x-ray images cap-
ture the electron density fluctuations ex-
pected in a turbulent plasma.

“The big advance was getting the lab-
oratory plasmas to high enough temper-
ature and velocity,” says Christopher
Reynolds (University of Cambridge).
“We have good simulations, but at the

end of the day, lab work is real gas doing
real things.”

Measuring magnetism
Tzeferacos and colleagues used numeri-
cal simulations to develop two methods
for measuring the magnetic field pro-
duced by the plasma. Simulations were
necessary to determine when to run the
diagnostic tools since the experiments
lasted tens of nanoseconds, but the
strongly amplified magnetic fields per-
sisted for only a fraction of that time.

In one method, the researchers mea -
sured the polarization of light passing
through the plasma. They based their ap-
proach on a technique astronomers use
to measure the magnetic fields of distant
objects. In the other method, they im-
aged protons fired through the plasma
(figure 3a). Protons are focused into con-
centrated regions by a magnetic field that
bends the protons’ trajectories. By ana-
lyzing the concentration of protons, the
researchers could reconstruct the mag-
netic field at the moment the protons were
fired through the plasma (see figure 3b). 

Both methods determined the mag-
netic field in the turbulent region at sev-
eral times during the experiment and
found that in less than 10 ns, the field am-
plified by a factor of 25–30. On galactic
spatial and temporal scales, the same am-
plification mechanism could grow a tiny
seed field to the observed values.

The initially weak magnetic fields in
turbulent dynamo theory evolve accord-
ing to Maxwell’s equations. When the
magnetic field becomes strong enough to
deflect the moving plasma, the magnetic
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FIGURE 2. X-RAY IMAGES showed (a) that the colliding plasma jets reached the turbulent regime after they were created by laser pulses
and passed through a grid of holes (blue squares). (b) Numerical simulations verify that x-ray images capture the electron density fluctuations
expected in a turbulent plasma. Deep red vertical bars represent the irradiated foils; vertical gray disks are the grids through which the
plasma flows. The horizontal gray bars form part of the frame that holds the foils 8 mm apart. (Adapted from ref. 1.)



energy grows linearly until the plasma
motion can no longer amplify the mag-
netic field. The ratio between magnetic
and kinetic energy saturates at a value
that depends on the individual fluid
properties.

From the lab measurements, the team
determined that the magnetic field en-
ergy of the plasma saturated at about 4%
of its kinetic energy. “It’s reasonable that
the mean magnetic energy is quantita-
tively smaller than the kinetic energy,”
says Tzeferacos. Larger and denser plas-
mas would give the same result, and the
measured 4% value is consistent with
models in the literature.

Numerical simulations supported the
case that the precollision plasmas be-
came primed with tiny seed magnetic
fields as a result of density and temper-
ature gradients produced by the laser.6

Simulations also showed that the fields
grew exponentially, but the experiments
did not temporally resolve the magnetic
field growth rate. Follow-up experi-
ments will address the rate at which the
magnetic field grows and other, more de-
tailed questions.

From lab to universe
“The fact that the dynamo effect is seen
in an experiment validates simulations
and provides very strong evidence that
this is indeed what happens in the uni-
verse at large,” Gregori says. The equa-
tions that describe fluids are scale inde-
pendent—waves in a water glass have the
same properties as waves in the ocean. 

For magnetic fields, the condition for
scale invariance is that the magnetized
fluid remains a good conductor. Mathe-
matically, the condition means that a di-
mensionless parameter called the mag-
netic Reynolds number Rm is above a
critical threshold value of 200. The
higher the Rm, the more closely the mag-
netic field lines move with the plasma.
The experiments achieved an Rm of 600,
consistent with modeled intergalactic
plasmas.

Reynolds observes that “lab work has
often not had the prominence it deserves
in astrophysics, because it’s difficult to
get gases to have meaningful properties.
Experiments like this are important for
providing fundamental verification of an
important theory.”

Atoms in a laboratory plasma fre-
quently collide with each other. That
tends to homogenize the plasma, mak-

ing laboratory plasmas simple to ana-
lyze. Unfortunately, the same homoge-
nization does not occur in many less
dense astrophysical plasmas, which are
harder to understand. However, labora-
tory plasmas are beginning to approach
the collision rate of their astrophysical
brethren. 

The laboratory platform offers a new
opportunity to test theories about mag-
netic turbulent plasmas in situations rel-
evant to astrophysics, and to analyze
how charged particle acceleration devel-
ops in a plasma. Future experiments 
could provide insight into how quickly
the magnetic field increases in strength,

how strong it can get, and how it alters
the turbulence that amplified it.

Rachel Berkowitz
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FIGURE 3. PROTONS FIRED THROUGH THE PLASMA are focused into concentrated 
regions by magnetic fields. (a) This proton radiograph image shows strong, sharp features
where proton concentrations greatly exceed their average value and provide evidence for
large magnetic fields. (b) By analyzing the number of protons passing through the plasma,
scientists could reconstruct the path-integrated magnetic field when the protons were fired.
(Adapted from ref. 1.)
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