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Compressing magnetic fields with high-energy lasers®
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Laser-driven magnetic-field compression producing a magnetic field of tens of megaGauss is
reported for the first time. A shock wave formed during the implosion of a cylindrical target traps
an initial (seed) magnetic field that is amplified via conservation of magnetic flux. Such large fields
are expected to magnetize the electrons in the hot, central plasma, leading to a cyclotron frequency
exceeding the collision frequency. The Omega Laser Facility [T. R. Boehly er al., Opt. Commun.
133, 495 (1997)] was used to implode cylindrical CH targets filled with deuterium gas and seeded
with an external field (>50 kG) from a magnetic pulse generator. This seed field is trapped and
rapidly compressed by the imploding shell, minimizing the effect of resistive flux diffusion. The
compressed field was probed via proton deflectrometry using 14.7 MeV protons from the D+°He
fusion reaction emitted by an imploding glass microballoon. Line-averaged magnetic fields of the
imploded core were measured to between 30 and 40 MG. Experimental data were analyzed with
both a magnetohydrodynamic version of the one-dimensional hydrocode LILAC [J. Delettrez et al.,
Phys. Rev. A 36, 3926 (1987); N. W. Jang et al., Bull. Am. Phys. Soc. 51, 144 (2006)] and the
particle propagation code GEANT4 [S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res. A 506,
250 (2003)]. © 2010 American Institute of Physics. [d0i:10.1063/1.3416557]

I. INTRODUCTION target.” This differs from magnetized target fusion,”” which

occupies an intermediate region of parametric space, closer
to magnetic confinement fusion. Provided that the magnetic
field is sufficiently strong, the benefits of this approach are
twofold: The hot spot can reach ignition temperatures be-
cause of the reduced electron thermal conductivity. When the
nuclear burn develops, the alpha particles can be confined,
by a strong magnetic field, to the burn region delivering the
energy where it is needed to support the burn wave. Consid-
ering a characteristic 40 um hot-spot radius and requiring
electron and alpha-particle gyroradii be smaller than this sets
the required magnetic fields at B> 100 kG for 30 keV elec-
trons and B>95 MG for the 3.5 MeV fusion alphas in a
burning Deuterium-Tritium (DT) plasma. Such strong mag-

Laser-driven inertial confinement fusion (ICF) has seen
significant progress in recent years for both direct'? and in-
direct drive.’ The energy Ery released from an ICF implo-
sion that has reached ignition conditions depends on the as-
sembled fuel mass. The energy gain G is defined as Ern/E,
and for direct-drive implosions, it can be shown* that the
gain of a target that has ignited scales as G~W1‘25FLO'29,
where V; is the implosion velocity and /; is the laser inten-
sity. The thermonuclear gain is therefore roughly inversely
proportional to the implosion velocity. In conventional ICF,
successful ignition of the assembled central hot spot requires
that the hot spot reach certain temperature T} (of the order
of 5 keV ion temperature). Scaling relations” for direct-drive

ICF show that T}~ Vi"4. If the compression has too low a
velocity, it cannot overcome thermal losses and the hot spot
will not reach the required temperature, although the areal
density of the fuel may attain high values. This restriction on
V; limits the minimum energy for ignition.

In a magnetoinertial fusion implosion, additional thermal
insulation of the fuel forming the hot spot is provided by a
strong magnetic field in an otherwise typical direct-drive ICF

a)Paper X12 1, Bull. Am. Phys. Soc. 54, 342 (2009).
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netic fields are difficult to create externally. The largest mac-
roscopic magnetic fields have so far been generated only by
magnetic flux compression in metallic liners driven by
chemical detonation'® and pulsed-power generators.” Strong
magnetic fields have also been measured and inferred from
Z-pinch gas puff experiments on pulsed-power generators.“
Flux compression with an ICF-scale laser like OMEGA is a
path to even stronger fields. The idea is to perform an ICF
implosion in which there is a preimposed macroscopic mag-
netic field, trapped in the converging target plasma. Flux
compression with a plasma “liner” was discussed by Liber-
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FIG. 1. (Color online) Schematic of how a laser-driven liner traps a seed
magnetic field and compresses it. The initial laser pulse generates a shock
wave that breaks out of the shell into the interior gas. The gas is then
ionized, creating a conductive shell that traps the seed field. Kinetic energy
given to the shell then compresses the field and amplifies it.

man and Velikovich in Refs. 12 and 13 more than 20 years
ago. In Ref. 13, the authors consider a magnetic field that is
“frozen in” plasma compressed by a thin cylindrical wall.
They show effective compression of the field with low dif-
fusion losses.

This research is concerned with the compression of mag-
netic flux, initially axial in cylindrical geometry by high-beta
plasmas under ICF conditions. The magnetic pressure is a
small perturbation to the hydrodynamic pressure in these la-
ser plasmas.

Section II discusses the concept of magnetic-flux com-
pression. OMEGA experiments are detailed in Sec. III.
Analysis of the experimental data is presented in Sec. IV. A
summary and future work are discussed in Sec. V.

Il. MAGNETIC-FLUX COMPRESSION

In cylindrical geometry, if the diffusion of the magnetic
field is neglected, the conservation of the magnetic flux @
requires that the magnetic field increases in proportion to the
reduction in the encircled area

Reo )2
Remin .

Bmax=BO< (1)

When the diffusion of flux into the plasma shell due to its
finite resistivity is considered, Eq. (1) is modified to

Re, )Z(I—I/Rem)

Remin

Bhax = BO( > (2)
where Re,, is an appropriate time-averaged value of the mag-
netic Reynolds number. Re,, can be defined as the ratio of
the magnetic field’s convective diffusion time 7pqi0n tO the
flux compression time Tiysiosion-

An ICF-scale, cylindrical-ablator shell (usually plastic)
driven by a laser does not, by itself, trap the enclosed mag-
netic flux in contrast to compression with metallic liners.
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FIG. 2. (Color online) The temperature and density profiles at the center of
the target, as simulated by LILAC MHD for the time of peak compression
for initial seed field values of 0 (dashed lines) and 60 kG (solid lines).

This is shown schematically in Fig. 1. At the onset of the
laser pulse with a peak intensity of 5X 10'* W/cm?, the
rapid increase in ablation pressure drives a shock wave
through the shell; it breaks out into the gas that fills the
capsule, raising the temperature in the postshock region to
about 100 eV and fully ionizing the gas behind the shock
wave. The diffusion time Tyggon 1S given by 4mad®/c?,
where o is the conductivity behind the shock and & is the
thickness of the shocked gas; Tyirusion 1S ~200 ns. The
colder and more resistive shell then provides the mechanical
work for compression of this plasma and the field embedded
in it. The implosion time 7jypjosion 1S given by the shell radius
divided by the implosion velocity Vi; Tinpiosion 18 ~4 ns for
the OMEGA cylindrical implosions. A time-averaged value
of Re,>50 is obtained for these values of 7yusion and
Timplosion- 1N€ temperature and density profiles at the center
of the target, as simulated by the LILAC magnetohydrody-
namic (MHD) code, are shown in Fig. 2 for the time of peak
compression for initial seed field values of 0 and 60 kG.
These were runs for a 1.5 mm long, cylindrical plastic shell
with 860 um diameter and 20 um thickness that was filled
with 3 atm of D,. In the hot spot (in this case the central
20 wm of the target), both the electron and ion temperatures
were larger when the seed field was present. The magnetic
field had little effect on the shell’s density but the central
density was reduced with a magnetic field because of the
higher temperatures and magnetic pressure for an isobaric
implosion.

lll. OMEGA EXPERIMENT

The OMEGA laser' is an ideal test bed for magnetic-
flux compression experiments. Typical implosion velocities
V;in excess of 107 c¢m/s, coupled with the high conductivity
of the hot, dense plasma containing the field, provide effec-
tive compression of the seed magnetic flux with low diffu-
sion losses. Multi-megaGauss compressed fields are due to
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FIG. 3. (Color online) (a) An image of the magnetic-field generator’s coils,
the cylindrical target between the coils, and the proton backlighter target.
The initial seed field is less than 90 kG in the region of the cylindrical target
and varies by no more than 5% over the volume of the cylinder. The proton
backlighter is a glass microballoon filled with a D *He gas mixture that is
the source of the protons detected by CR-39 foils. (b) A schematic showing
the geometry used to measure the magnetic field by proton deflection. The
proton trajectory from the backlighter is shown as a solid line. The deflec-
tion angle () is defined as the angle between the final trajectory and the
initial trajectory.

the convergence of laser-driven implosions. A compact de-
vice generating seed magnetic fields of sufficient strength
(up to 0.15 MG measured) was built to test the laser-driven
magnetic-flux compression concept.15 It fits in a diagnostic
insertion vacuum interlock on the OMEGA chamber, stores
less than 150 J, and provides magnetic pulses with intensities
of 0.05-0.15 MG and ~400 ns duration.

Figure 3 is an image of the experimental configuration at
the center of the OMEGA target chamber and a schematic of
the magnetic-field measurement geometry. There are four
components that compress and then measure the magnetic
field shown in Fig. 3(a). The field generator and the cylindri-
cal target are placed at the center of the target chamber, and
a backlighter target is placed 9 mm from the target chamber
center opposite a detector that uses aluminum and CR-39
foils, located 105 mm from the center of the target chamber,
to record the protons that pass through the imploded cylin-
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der. Proton radiograph images recorded by the CR-39 of the
cylindrical implosion have a 12.7X magnification. The sche-
matic depicted by Fig. 3(b) shows an axial view of a planar
cross-section of the proton backlighter technique used to
measure the magnetic field. Proton paths from the back-
lighter target to the CR-39 recorder are perpendicular to the
axial field. Protons are deflected by the magnetic field with
the deflection angle defined as the angle between the final
trajectory (solid line) and the initial proton trajectory.

The magnetic flux was compressed inside an imploded
1.5 mm-long CH cylinder filled with 3 atm of D, gas. This
cylinder had an initial diameter of 860 um and a wall thick-
ness of 20 wm. This is the same target used to simulate the
implosion of a magnetized target and shown in Fig. 2. Two
large end caps were glued onto the ends of the cylinder, the
outside surface of which was coated with a 1000 A layer of
aluminum to retain the gas. It was found that a fill tube
connected to a gas reservoir was necessary to keep the D, at
the initial pressure. The implosion target was then inserted
on the axis midway between the coils used to generate the
seed magnetic field. Coils of 4 mm diameter and separated
by 5.15 mm optimized the laser illumination on the cylinder
and the field uniformity in the region of the cylinder.

A monoenergetic (AE/E~0.03), pointlike (size/object
distance ~0.01), time-gated (~150 ps burst) proton source
was provided by the implosion of a glass sphere filled with a
D *He gas mixture. The 14.7 MeV protons produced by the
D—>He fusion reactions were accelerated to ~15.2 MeV by
charging the backlighter target, creating an electric field.'
These glass spheres were 400 um in diameter with wall
thicknesses between 2.1 and 2.4 wm and filled to a pressure
of 10 atm. These targets were the same as those used for
previous proton backlighter measurements.'”

The 60-beam OMEGA laser was configured so that 40
beams were used to implode the cylinder (drive beams) and
20 beams (backlighter beams) were used to implode the glass
sphere. The laser pulse shape for the drive beams and back-
lighter beams was a 1 ns wide square pulse. The drive beams
were configured with SG4 distributed phase plates (DPPs),”
polarization smoothing,21 and full-bandwidth smoothing by
spectral dispersion.22 These 40 beams were pointed to mini-
mize the illumination nonuniformity at the surface of the
cylinder. The laser energy incident on the cylindrical target
was 14 kJ, giving an intensity of 5 X 10'* W/cm?. The back-
lighter beams used no DPPs and were focused onto the glass
sphere with a spot diameter of 300 wm. A proton backlighter
target yield of 3 X 107 gave a proton flux of 0.3 protons per
wm? at the target and 20 000 protons per cm? at the detector.

IV. RESULTS

The compressed fields within the dense, optically thick
ICF plasmas are difficult to measure. Figure 4 shows how
proton deflectometry based on the method described in
Refs. 17-19 is used on OMEGA to measure the magnetic
field after compression. In Fig. 4(a), the strong magnetic
field is restricted to the hot spot with the dense shell contain-
ing a much smaller residual field. Protons from the back-
lighter are deflected into two peaks. The first peak, nearest
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FIG. 4. (Color online) (a) An image of the propagation of protons through
the imploded cylindrical target and detected by CR-39. There is a low-
density hot spot surrounded by a high-density shell. The compressed mag-
netic field peaks in the center of the hot spot and has a tail that extends into
the shell. (b) The result of a GEANT4 calculation revealing the presence of
two deflection peaks in the proton radiograph.

the center of the image, is created when protons propagating
through the shell but missing the hot spot are bent by the
residual field in the dense shell. A second peak, farthest from
the center, is formed by the protons that traverse the hot spot
and encounter the strong magnetic field. Protons that propa-
gate only through the shell have less deflection but lose more
energy. A discrimination of tracks by energy (track diameter)
was implemented to separate the hot spot (strong field)—
traversing protons from the background “free-space” par-
ticles that land in the same area of the detector. This is shown
in Fig. 4(b) as a plot of track density versus position for all
protons (solid curve), protons with an energy greater than
14.6 MeV but less than 14.8 MeV (dashed curve), protons
with energies between 14.4 and 14.6 MeV (dotted curve),
and protons with an energy less than 14.4 MeV (dot-dashed
curve). These data came from a calculation to simulate the
deflected protons.
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FIG. 5. (Color online) Data from a cylindrical implosion with no magnetic
field. (a) An image of the proton track density recorded by a piece of CR-39.
Proton tracks were analyzed along a linear region shown by the “Lineout”
arrow perpendicular to the axis of the implosion. (b) A scatter plot of the
track diameter vs the deflection (or position along the CR-39 foil). The track
diameter is proportional to the track energy with higher energy protons
having smaller diameter tracks. Therefore, protons with low energies are at
the top of image (b) and higher energy protons are at the bottom of image
(b). (c) A plot of two lineouts taken through the scatter plot corresponding to
protons with energies <14.4 and <14.8 MeV. There is no evidence of
protons being deflected from their original paths.

Experimental verification of the deflectrometry tech-
nique is shown in Fig. 5 (seed field=0) and Fig. 6 (seed
field=56 kG). Figure 5(a) shows an image of the CR-39
track detector; these data are plotted as a scatter plot of track
diameter versus track position in Fig. 5(b). Figure 5(b) was
used to construct the lineouts shown in Fig. 5(c) by taking a
band of data and averaging over its width. The upper curve
in Fig. 5(c) is from tracks with energy E,<14.8 MeV; the
lower curve is from tracks with E, < 14.4 MeV caused by an
additional slowing down through the compressed target. This
plot shows a symmetrical peak in the proton density consis-
tent with no deflection in the target field. In contrast, the
same type of data shown in Fig. 6, for a case where there was
a seed field, shows an asymmetric peak attributable to the
deflection of the magnetic field. The lower plot in Fig. 6(c)
shows protons that have lost energy propagating through the
compressed target and not the background protons.

A simulation package based on the Monte Carlo particle-
transport framework GEANT4 (Ref. 23) was developed to pre-
dict and interpret the experimental data. After including the
field topology and material parameters predicted by the
LILAC MHD code®*® for the time of proton probing, the
particle-transport code computes the deflection pattern under
the combined action of the field and scattering/energy loss
processes. A comparison (Fig. 7) of the experimental data (a)
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FIG. 6. (Color online) Data from a cylindrical implosion with a seed mag-
netic field of 5.6 kG. (a) An image of the proton track density recorded by a
piece of CR-39. Proton tracks were analyzed along a linear region shown by
the Lineout arrow perpendicular to the axis of the implosion. (b) A scatter
plot of the track diameter vs the deflection (or position along the CR-39
foil). The track diameter is proportional to the track energy with higher
energy protons having smaller diameter tracks. Therefore, protons with low
energies are at the top of image (b) and higher energy protons are at the
bottom of image (b). (c) A plot of two lineouts taken through the scatter plot
corresponding to a sum of all protons and protons with energies
<14.8 MeV. There is evidence of protons being deflected by the magnetic
field in the shell.

and simulation predictions (b) for shot 51 069, which had a
56 kG seed field, shows good qualitative agreement, captur-
ing the double-peak deflection pattern. The protons that were
slowed down the most (bottom curve) were those that
crossed through the shell but not the hot spot, missing the
peak field. From the peak deflection of 1.8 0.1 c¢m (marked
with an arrow), one can estimate an average product
(RpsBmax) =2(0)(myv,/e)c or 0.052 MG cm, corresponding
to a 30 MG hot-spot field for a predicted hot-spot radius of
17 pm. The deflection of the first peak can be used to esti-
mate a residual magnetic field in the shell of 0.8 MG aver-
aged over the shell thickness. The error in the magnetic field
measurement comes from two sources: the error in the de-
flection (0.1 cm) and the error in the hot-spot radius. The
statistical error of the hot-spot radius can be estimated by
looking at the total number of measured protons that pass
through the core and shell, which is constrained by the
GEANT4 fit to the data. A 0.5 mm section of a 17 um radius
core will have ~400 protons in the peak with the largest
deflection resulting in an error of 5% for the core size. The
measured magnetic field is 302 MG. The shell is esti-
mated to be 70 um in diameter, and the first peak (smallest
deflection) will have ~1300 protons in a 0.5-mm-wide
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FIG. 7. (Color online) Plots of the proton track position for all protons and
for protons in three energy bands. (a) The experimental data indicating a
deflection peak at 1.9 cm from the core center reference. (b) The GEANT4
calculation using hydrodynamic simulation data to calculate the proton spec-
trum and track position. There is excellent agreement between the experi-
mental plots and the GEANT4 plots.

lineout for an error of 3% in the shell size. The magnetic
field in the shell is 0.8 £0.1 MG.

When the seed field’s direction was reversed (via rever-
sal of the current in the coils), the deflection pattern (Fig. 8,
shot 52 532) reversed direction. This confirms the magnetic
nature of the deflection and supports the “relocation” of the
high-field deflection to the other side of the core. This is
evident in lineouts at several energies shown in Fig. 8, where
in addition to the offset peak near the center, there is again a
concentration of tracks away from it (at —2.0 cm), caused by
the peak of the compressed field in the hot spot. Analysis of
the peak deflection revealed that the higher seed field (—62
kG) for this shot was amplified to at least =36 =3 MG. The
fields determined from Figs. 7(a) and 8 are the most conser-
vative values, given by the lowest field B,,,, spread over the
largest radius R}, which can result in the observed deflection
0~ (RyBmax) Without violating the flux conservation condi-
tion @~ (RﬁSBmax>s ®,. If the more realistic case is consid-
ered, where up to 40% of the initial magnetic flux
(®y=360 G cm?) is lost as predicted by the hydrodynamic
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FIG. 8. (Color online) A plot of proton track position for all protons and for
protons in three energy bands [similar to Fig. 7(a)]. The polarity of the seed
magnetic field was reversed. The position of the deflection peaks is now on
the opposite side of the core reference.

simulation, the estimated magnetic fields need to be revised
upward to match the observed deflections.

The effect of the amplified magnetic field on the neutron
yields was expected to be small for this experimental con-
figuration even though the one-dimensional hydrocode pre-
dicts a two to three times increase in the yield caused by the
temperature increase from thermal insulation in the hot spot.
In the magnetized hot spot, the hydrocode did not correctly
predict the fusion rate since the hot-spot size is such that the
hot ions most likely to undergo fusion reactions (at the
Gamow peak) are in the kinetic regime with their mean free
path comparable to the hot-spot radius. For hot-spot condi-
tions where n, =8 X 10> cm™, Tj;=1.5 keV, the Gamow
peak is at 8.2 keV, and the Coulomb logarithms for the col-
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5] | |
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FIG. 9. (Color online) A plot of the final magnetic field vs the initial mag-
netic field for three different types of flux compression. The data shown by
squares are from high-explosive-driven implosions. The triangles show data
from electromagnetically driven implosions. Data for laser-driven implo-
sions from this work are shown as diamonds.
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lisions of the 8 keV ions with thermal electrons and ions are
A,=5 and A;=8.6, respectively. It is clear that the ions,
having an ~6 um mean free path, will undergo only a few
collisions before leaving the hot spot. The electrons are fully
magnetized but are thermally decoupled from the ions since
the thermal equilibration time is of the order of 100 ps. As
noted earlier, the higher temperatures are accompanied by
lower hot-spot densities (Fig. 2) and lower plasma pressures
since the total pressure (plasma+magnetic) is approximately
independent of the magnetic field.

Z (um)

Z (um)

FIG. 10. (Color online) (a) Two-dimensional hydrodynamic simulations for
a spherical target placed between the coils of the magnetic-field generator.
(b) The magnetic field for the compressed spherical target. (c) The density
and temperature distributions are shown with and without a magnetic field.
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V. CONCLUSION

In summary, very high magnetic-flux compression has
been achieved using the ablative pressure of the OMEGA
laser to drive a cylindrical shell at high implosion velocity,
trapping and compressing the embedded external field to
30%2 and 36 £3 MG—high enough to magnetize the hot-
spot center. These magnetic fields were measured using the
deflection of protons emitted from a glass microballoon filled
with D *He gas. Figure 9 is a plot of the compressed mag-
netic field as a function of the initial seed field for high-
explosive (squares),10 pulsed-power (triangles),11 and laser-
driven (diamonds) (this work) magnetic compression. The
two lines are fits through the high-explosive and laser-driven
data. The slope of the lines represents the amplification of
the magnetic field caused by the implosion. An amplification
factor of 140 seen in the high-explosive data represents a
convergence (initial radius divided by the final radius) of 12.
Laser-driven implosions have an amplification factor of 560,
representing a convergence of 24.

Finding the parameter space where the target perfor-
mance will be most affected by the compressed magnetic is
the next step in these studies. The two-dimensional hydrody-
namics code DRACO (Ref. 26) was modified to include re-
sistive MHD and used to simulate the implosion of a spheri-
cal target inserted into the seed field created by the two coils
[Fig. 10(a)]. The results are shown in Figs. 10(b) and 10(c).
The magnetic-field structure of the imploded target is pre-
sented in Fig. 10(b), clearly showing the effect of the seed
field. The compressed field peaks at about 100 MG at the
center of the hot spot and shows an elongated hot spot attrib-
utable to the axial geometry of the initial magnetic field.
Figure 10(c) shows the calculated density and temperatures
for cases with and without a seed field. The seed field clearly
increases the temperature of the hot spot and lowers the den-
sity with an initial magnetic field. Spherical targets will al-
low one to systematically study hot-spot conditions as a
function of magnetic field.
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