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Magnetic field measurements in laser-produced plasmas
via proton deflectometry
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Large magnetic fields generated during laser-matter interaction at irradiances of ~5
X 10" W cm™ have been measured using a deflectometry technique employing MeV
laser-accelerated protons. Azimuthal magnetic fields were identified unambiguously via a
characteristic proton deflection pattern and found to have an amplitude of ~45 T in the outer
coronal region. Comparison with magnetohydrodynamic simulations confirms that in this regime the

VT,X Vn, source is the main field generation mechanism, while additional terms are negligible.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3097899]

I. INTRODUCTION

The characterization of self-generated magnetic fields is
an important issue in laser-plasma experiments. It is of par-
ticular relevance in the context of inertial confinement fusion
(ICF) where magnetic fields strongly affect energy transport
(Refs. 1-3 and references therein). In this context, detailed
measurements of magnetic fields with spatial and temporal
resolution are needed to validate computational codes or
models.>® The measurement of laser-produced magnetic
fields in conditions relevant to “conventional” ICF (i.e., with
laser intensities up to ~10'> W cm™) has been limited so
far to the outer “coronal” plasma region (with densities up to

10 cm™?), where magnetic fields of amphtude up to the

order of 10*> T generated due to the VT X Vn mechanism'
have been identified via optical polarimetry. 7% Denser
plasma regions could not be optically probed because of their
high index of refraction.

In this article we report on the measurements of mag-
netic fields using a deflectometry technique employing laser-
accelerated protons,9’10 capable of accessing a wide range of
densities, from solid density down to the tenuous coronal
plasma. The magnetic fields were self-generated as a result
of the interaction between a nanosecond pulse of intensity of
~5% 10" W cm™ and a thin aluminum foil. Using protons
with energy up to 15 MeV, we characterized magnetic fields
of amplitude up to ~45 T. The present technique may in

YPresent address: IPCF, CNR, Area Della Ricerca di Pisa, via G. Moruzzi 1,
56124 Pisa, Italy.

®On leave from polyLAB, CNR/INFM, Pisa, Italy.
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principle be extended to the detection of larger magnetic
fields (>100 T) by using probe protons with higher energy.
Although proton probing techniques have mainly been ap-
plied to the study of transient electric fields in intense laser-
matter interaction, ! particular deflection patterns observed
in some experiments have highlighted the presence of large
magnetic fields.'> Recent investigations on magnetic fields in
laser-produced plasmas were recently reported by Nilson
et al.” using a similar deflectometry technique with laser-
accelerated protons and by Li ef al. 14 employing protons gen-
erated from laser-driven implosions requiring a kilojoule la-
ser driver. In ultrahigh intensity interactions, very large fields
(=10* T) have been revealed via polarization changes in-
duced on high harmonics;15 such technique, however, does
not allow spatially and temporally resolved field mapping
and is not applicable to moderate intensity, ICF-relevant in-
teractions. In general, proton deflection measurements from a
single probing direction cannot distinguish unambiguously
between the effects of electric and magnetic fields. In this
article it is shown that the protons are deflected by azimuthal
magnetic fields (having rotational symmetry with respect to
the probe axis) through an inversion of the proton deflection
pattern when the proton probing direction is reversed, i.e.,
the sign of the proton velocities is changed in the magnetic

component of the Lorentz force ev X B. Simultaneous trans-
verse and axial probing on the same plasma are also carried
out to verify further the dominance of magnetic fields with
respect to electric fields in producing the deflectometry pat-
terns. Our experimental measurements are supported by the
numerical reconstruction of proton deflectometry images us-
ing a particle tracing code calculating the probe proton de-
flections in assigned electromagnetic fields and by magneto-

© 2009 American Institute of Physics
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FIG. 1. (Color online) Schematic of the experimental setup. Only the rear-
side interaction pulse is shown.

hydrodynamics (MHD) simulations using the CHIC code.'
The comparison between experimental data and simulations

shows that VT, X Vn, is the dominant magnetic field source
term and no detectable fields are produced in the inner, dense
plasma zone.

Il. EXPERIMENTAL ARRANGEMENT

The experiment was performed at the Rutherford Apple-
ton Laboratory (RAL) using the Vulcan Nd:glass laser. In
Fig. 1 the experimental setup is shown. Targets consisting of
6 um thick Al foils were irradiated with 50 J, 1 ns duration
laser pulses at a wavelength of 1 um. Targets have been
alternatively irradiated at the front and rear surface in sepa-
rated shots with two different laser beams. These beams were
focused with f/10 lenses to a focal spot radius of 50 um at
~60° with respect to the normal to the target plane resulting
in on-target intensities in the range of 3—-6 X 10'* W cm™2,
Figure 1 shows one of the two irradiation arrangements. The
polarization was linear, mixed between S and P due to the
setup arrangement. Slowly varying electric and magnetic
field structures produced in the laser-plasma interaction were
investigated using point-projection proton probing in the de-
flectometry arrangement. Two proton probe beams (up to 15
MeV in energy) were accelerated'®!"’ by irradiating two Au
solid foils (25 wm thick) with 50 J, 1 ps laser pulses pro-
duced by chirped pulse amplification (CPA) focused to focal
spots of 10 um in radius, resulting in an on-target intensity
of 5X 10" W cm™. The two proton beams were used to
probe the plasma produced by the nanosecond pulse along
two perpendicular probing directions, as schematically
shown in Fig. 1. With this arrangement, in every shot two
proton deflection maps were simultaneously obtained, one of
which was face on, i.e., with the proton probe axis parallel to
the plasma axis, and the other one was side on, i.e., with the
proton probe axis parallel to the target surface. Depending on

Phys. Plasmas 16, 043102 (2009)
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FIG. 2. (Color online) Temporal profile of the ns interaction pulse as ob-
tained on a streak camera. The relative delays at which the deflectograms
shown in this manuscript have been taken are overlaid on the profile, with
reference to the figure numbers.

which nanosecond pulse was used, the plasma was probed by
the face-on proton beam in two different configurations: in-
teraction placed at the rear surface of the target (rear inter-
action) or interaction facing the incoming probing beam
(front interaction), see Fig. 1. This allowed for the face-on
beam to probe the plasma produced on either side of the
target and thus to identify unambiguously the effect of azi-
muthal magnetic fields (having rotational symmetry with re-
spect to the axis of the proton probe). A multilayer stack of
radiochromic films was employed as the detector. A 1500
line/inch Cu mesh was inserted between the proton target
and the probed plasma in the standard deflectometry
anangement.9’10 The spatial resolution was a few tens of mi-
crons, as determined by the mesh spacing. The temporal res-
olution is determined by the transit time of protons across the
probed field structure; for 5.5 MeV protons and a typical size
of ~100 um, one obtains ~3 ps. The delay between the
two CPA pulses and the nanosecond pulse was varied
throughout the experiment to investigate the temporal evolu-
tion of the electric and magnetic fields at various stages of
the laser pulse irradiation, see Fig. 2.

lll. EXPERIMENTAL RESULTS

Figure 3 shows the face-on deflectograms taken at the
peak of the nanosecond pulses (~0 ps) in rear and front
interaction configurations. By comparing Figs. 3(a) and 3(c),
it is observed that, while in rear interactions the protons are
deflected outward, causing the stretching of the mesh ele-
ments (consistently with previously published
observationsM), in the other case the mesh lines are com-
pressed inward. This effect is a demonstration of the pres-
ence of a magnetic field, as inverting the probing direction
would not affect the transverse deflection if this was mainly
caused by radial electric fields in the plasma. Although a
compression effect is clear and the difference with the rear
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FIG. 3. (a) Typical face-on probing deflectogram in rear interaction configu-
ration using 5.5 MeV protons, magnification M=11. (b) PTRACE simulations

for the conditions of (a) assuming the toroidal B distribution parametrized as
in Eq. (3). [(c) and (d)] Same interaction conditions as (a) and (b) but front
interaction, M =13 and 7 MeV protons. The parameters of the PTRACE simu-
lations [see Eq. (3)] are By=—45 T, rz=150 pum, L,=150 um, z3=0, L,
=200 um, are L,=60 um. The polarity of B is inverted in (d). The timing
of the data shown corresponds approximately to the pulse peak.

configuration data is striking, the pattern in Fig. 3 presents
some asymmetry likely due to a nonideal intensity distribu-
tion across the focal spot of the interaction beam used in the
[front configuration.

Figures 4(a) and 4(c) show the face-on images relative to
different shots in which the proton beams probed the plasma
respectively earlier (by ~250 ps) and later (by ~500 ps) as
compared to Fig. 3. The distortion of the mesh pattern is
mainly due to the magnetic field “lens effect” as already
mentioned, and a clear evolution in terms of fringe deflection
and pattern dimension is visible. Figure 5(a) shows a side-on
deflectometry image taken simultaneously to the face-on im-
age of Fig. 3(a). In such side-on data only a small deflection
of the mesh pattern is observed. This is consistent with the
face-on data suggesting a leading effect of an azimuthal
magnetic field. A field distribution localized around a par-
ticular z position (e.g., resembling a magnetic torus) may
indeed produce the small deflection observed in side-on im-
ages because a test proton, due to its displacement along z as
it enters the field region, crosses two regions with fields of
opposite directions but different amplitudes, whose effects
partially compensate each other.

IV. MHD SIMULATIONS

The generation of an azimuthal magnetic field in the
present experimental conditions is confirmed by simulations
performed using cHIC,'® a two-dimensional (2D) Lagrangian
MHD code devoted to ICF related studies and developed at
CELIA (Bordeaux). The code includes a two temperature

Magnetic field measurements in laser-produced plasmas...

Phys. Plasmas 16, 043102 (2009)

FIG. 4. (a) Face-on probing deflectograms in rear configuration taken at ¢
=-250 ps using 5.5 MeV protons, geometrical magnification M=13. (b)
The corresponding PTRACE simulation with parameters By=-35 T, rp
=120 wpm, L,=150 um, z3=0, L, =150 um, and L,=40 wm. [(c) and
(d)] Same as (a) and (b) but at /=500 ps; the simulation parameters in (d)
are By=—45 T, r3=180 pum, L,=200 um, z3=0, L ;=200 wm, and L,
=60 um.

plasma model, equations of state, and nonequilibrium radia-
tion transport. Laser energy absorption is modeled via in-
verse Bremsstrahlung. The transverse MHD package of CHIC
takes into account pressure-driven magnetic source terms,
resistive diffusion of magnetic field, and Spitzer thermal con-
duction with magnetic inhibition. Starting from generalized
Ohm’s law and with suitable assumptions (i.e., neglecting
radiation effects, both thermal and ponderomotive, and as-
suming an isotropical conductivity) the equation for the mag-
netic field is

r

1

L
-

FIG. 5. (Color online) (a) Side-on probing deflectogram obtained simulta-
neously with the face-on image in Figs. 3(a) and 3(b): the corresponding
PTRACE simulation.
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where P,=n,kgT, is the electron pressure, u is the average
fluid velocity, V,~-0.71«VT,/n,T, is the Nernst velocity, k
is the thermal conductivity, and o is the Spitzer electrical
conductivity. The only source term for the magnetic field is
thus

Fx (£5p,) == 55, x o1, @
en, en,
Figure 6 shows the azimuthal magnetic field distribution at
two different times. The region where the magnetic field is
stronger extends over ~90 um and corresponds to densities
of ~5% 102 ¢m™. The maximum value is ~50 T, which is
found ~100 wm away from the expansion axis and
~50 um from the original target surface. Near the axis, the
magnetic field is weaker and has an opposite sign with an
amplitude of ~5 T at t=-250 ps in a small region localized
at about 10 um from the axis and extending over 20 um,
corresponding to densities of ~2X 10?! ¢cm™. The simula-
tions also show the presence on an electric field along the
pressure gradients and with a maximum amplitude slightly
lower than 1X 10% V/m.

The CHIC simulations were also used to study the relax-
ation of the plasma with an initial nonaxially symmetric dis-
tribution as may be generated due to the elliptical laser spot.
2D cHIC simulations were run in the transverse x-y plane
(i.e., parallel to the target plane). The initial density is uni-
form, equal to critical density, and the energy was deposited
uniformly on an ellipse, the intensity being kept constant at
510'* W/cm?. Hence, the heated volume was an infinite cyl-
inder with the axis directed along the z-axis (perpendicular to
the simulation plane) and elliptical cross section. The simu-
lation showed that the plasma expansion becomes quasi-axi-
symmetric within ~100 ps. This can be explained by the
higher fluid velocity due to higher conductive losses at the
smaller axis of the elliptical focus, which implies a quicker
expansion of the system along that direction and results in a
symmetrization of the global expansion. This accounts for

FIG. 6. (Color online) MHD simula-
tion with the CHIC code. Parameters
are laser intensity I=5X10"% W
cm™2, 50 um spot radius, and Z=13
ion charge. Frames (a) and (b) show
the magnetic field (in T) at r=-250
and 100 ps with respect to the pulse
peak, respectively.

0 100 200 300 400
Laser Direction [Hm]

the reasonably circular shape of the deflection patterns [e.g.,
Figs. 3(a) and 4].

V. PARTICLE TRACING ANALYSIS AND DISCUSSION

To confirm that azimuthal magnetic field distributions
similar to those observed in CHIC simulations can produce
the observed deflectometry images and to infer from the lat-
ter the values of the magnetic field amplitudes and their spa-
tial scale, particle tracing simulations with the PTRACE code"!
have been carried out. PTRACE computes the propagation of
probe protons into a given pattern of electromagnetic fields,
taking the experimental geometry and the detector response
into account. A suitable parametrization of the magnetic field
has been inferred from CHIC simulations. The magnetic field
B4=By(r,z) has azimuthal field lines contained in a torus
with amplitude given in cylindrical coordinates (r,z, ¢) by

Bqﬁ:BOF(r;rB’Lr)G(Z;ZBaLzlaL12)’ (3)
where
2 2
r—rp r+ rp
F 5 ’Lr = - - - 5
(r;rg,L,) exp{ ( L )} exp[ ( L )]
4)

_\2
ZL ZB) ]9(2—13)

z1

__\2
+exp{—(zL EB> :|0(ZB—Z). (5)

As inferred from the CHIC simulations, the fields evolve on
times much longer than the time needed for the probe pro-
tons to cross the plasma. Thus, when attempting to reproduce
a particular frame of the proton images corresponding to a
given time, the temporal dependence of the fields may be
ignored. The results of the particle tracing simulations are
presented next to the corresponding data, see Figs. 3(b), 3(d),
4(b), 4(d), and 5(b). The values chosen for the parameters are
reported in the figure captions. By tuning the parameter val-
ues, a good agreement between the experimental and PTRACE
images is found both in terms of mesh pattern deflection and
dose distribution. In the PTRACE simulations the contribution
of an additional magnetic field component, mimicking the

G(Z;ZB’Lzl’Ld) = CXp|:— (
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field observed in the inner, dense region near the axis in the
CHIC simulations [Fig. 6(a)], was also considered. However,
raising the amplitude of such field up to 5 T (the peak value
found in the simulation) produced no noticeable effect. In a
similar way, the electric field as evaluated from CHIC simu-
lations was found to produce just a slight deformation of the
mesh lines in the central part of the deflectograms. We con-
clude that the observed deflections are almost entirely due to
the magnetic field in the coronal region and that, since the
“optimal” values for the field and scale length parameters are
in fair agreement with the CHIC predictions, in this regime

the main source for the magnetic field is the VT, X ﬁne term.

Shots performed at higher laser energy for the interac-
tion beams (150 and 300 J) exhibit similar proton deflecto-
metry patterns with the difference that in the central region
of the plasma, the mesh pattern was completely deflected
away (as, for example, in Ref. 13) and did not allow quanti-
tative measurements. This can be expected since at such laser
energies and intensities (>10"> W cm™2), the magnetic field
in the dense plasma region can reach an amplitude greater
than 100 T," as also shown by the hydrodynamic simulations.
For the proton energies used in this experiment (~5 MeV),
the particle tracing simulations show that such fields induce
complete outward deflection consistently with the experi-
mental observation. To allow quantitative measurement of
such field amplitudes, higher probing proton energies
(>30 MeV) as can be obtained on petawatt laser facilities'”
would be needed.

VI. CONCLUSIONS

In conclusion, we measured the spatial and temporal dis-
tributions of magnetic fields resulting from the interaction
between a long-pulse, high-power laser and a solid in a re-
gime relevant for ICF physics. We have verified that the
ﬁTexﬁne mechanism is the dominant term producing the
magnetic field in the coronal plasma at the edges of the focal
spot. No significant field was detected in the inner, denser
region of the plasma, implying that field amplitudes in this
region are smaller than ~5 T. The field amplitudes inferred
from the data match well the spatial and temporal evolution
of the fields as simulated by a 2D hydrodynamic code, show-
ing that these fields can therefore be well modeled in such
frame without requiring the input of alternative physical
effects.
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