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Summary

• Platform for magnetic reconnection experiments developed for the National 
Ignition Facility
• Tiling of lasers drives reconnection through a highly extended quasi-1D current sheet
• High quality reconstruction of magnetic fields throughout current sheet region

• Reconnection results:
• Direct observation of current sheet in colliding HED plasmas (L/𝛿 ~ 100)
• Current sheet width 𝛿 thins down to ~⍴e scale 
• Decreasing magnetic flux with time indicates reconnection

[Fox+ arXiv:2003.06351]



Magnetic Fields for Reconnection are Generated in 
Expanding Laser-Plasma by Biermann Battery Effect
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• Observed in laser-plasmas driven by long-pulse lasers, fields of order ∼50 T
• Believed to act as primordial seed fields of order ∼ 10-20 G in astrophysical 

plasmas
• Collision of two plumes drives magnetic reconnection between the opposing 

magnetic fields

[Rosenberg+ PRL 2015]
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NIF Used to Produce and Observe Reconnection in Highly-
Extended Current Sheets
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FIG. 1. Experimental setup. a) Setup face-on, showing tiled laser foci producing two extended plasma plumes, self-generated
magnetic fields, and formation of an extended 1-D current sheet. b) Side-on view, showing proton radiography geometry from
a D3He backlighter. The Gated X-ray Detector (GXD) used in Fig. 4, views the plasma from the side-on. c) CAD rendering of
the target, oblique view. d) Time-integrated soft x-ray emission showing two elongated plumes, using the face-on view of the
Soft-X-ray Imager (SXI-Lower)

ing that momentum transport (the pressure tensor e↵ect
[20]) drives fast reconnection.

Figure 1 shows the experimental setup. Extending the
techniques of previous laser-driven reconnection experi-
ments [5–7, 28, 29], two sets of beams were focused to
generate a pair of elongated plasma plumes. Here 40
beams are tiled evenly onto two parallel 4 ⇥ 1 mm2 foot-
prints on a thin (15 µm) 5.5⇥6 mm2 high-density-carbon
(HDC) foil to generate two colliding plasma plumes
(Fig. 1a). The lateral separation of the laser foci between
the two footprints was 2.4 mm. In these experiments, the
total laser energy per plume was 2 kJ in 0.6 ns, for an on-
target laser intensity of IL = 1⇥ 1014 W/cm2 at 351 nm
wavelength. The platform uses beams from the bottom
outer beam cones (45–50�) on NIF, with standard NIF
phase plates which all project to smooth circular foci
with a 1.2 mm-diameter profile in the horizontal plane
of the target. A D3He backlighter capsule for proton de-
flectometry was mounted below the target (Fig. 1b), with
the CR-39 detector package at the pole. Gated X-ray De-
tectors (GXD) [30] were fielded in the plane of the target
with a side-on view. Figure 1d shows time-integrated
x-ray emission observed by the NIF Soft X-ray Imager
(SXI-L), showing two uniform extended plumes.

Experiments observed the line-integrated magnetic
fields using proton deflectometry [24]. The proton back-
lighter used an 860 µm-diameter glass capsule target
filled with a D3He mixture (6 atm D2, 12 atm 3He).
The capsule was imploded by 64 NIF beams, using a
1.3 ns square pulse shape, 0.9 kJ/beam, and standard
NIF phase plates. Upon implosion, DD and D3He fusion
reactions produced energized protons at 3.5 [EXACT?]
and 14.95 MeV. The capsule was mounted 20 mm below
the target foil, while the CR-39 nuclear detector stack
[31] was fielded 215 mm opposite the target, for a geo-
metrical magnification M = 11.75. An image plate (IP)

was fielded behind the CR-39 foils in the stack to ob-
tain a point-projection x-ray image of the target region;
comparing the IP to photographs of the as-built targets
allowed registration of the proton radiographs against the
physical targets. As the protons stream through the in-
teracting plumes, they pick up small angular deflections
[32] �↵E,B = e

mpV 2
p

R
(E+Vp ⇥B) · dl, where Vp is the

proton velocity, e the charge, and mp the proton mass.
For small deflections (<⇠ 1�) as applicable here, the inte-
gration is along the nearly straight-line proton trajecto-
ries, nearly aligned with the z-axis. Therefore by analyz-
ing the proton fluence variations one can deduce the line-
integrated fields. Comparing 15 MeV and 3.5 MeV pro-
ton data shows that the deflections were predominantly
caused by the B-fields rather than E-fields, consistent
with previous findings in this laser intensity range [33]
(the details will be shown in a future publication), so be-
low we simply relate the proton data to line-integrated
B fields.

Figure 2 shows proton radiography data at 14.95 MeV
and reconstructed magnetic fields obtained at time t =
3.0 ns after the start of the main plume beams, ac-
counting for the backlighter bang-time and proton time-
of-flight. The deflections lead to fluence variation on
the CR-39 (Fig. 2a.) Two high-fluence (dark), elon-
gated “race-tracks” are immediately apparent which cor-
respond to a focusing pileup of protons interior to the
peak Biermann magnetic fields surrounding each plume.
Where the two plumes interact, a region of extreme pro-
ton depletion is observed. This is consistent with a cur-
rent sheet structure causing outward deflection of the
probe protons. The current sheet is quasi-1-D (@/@y ⌧
@/@x). Figure 2b shows the reconstructed magnetic fields
in the 2-D region containing the current sheet (the ma-
genta box in Fig. 2a), using the 2-D reconstruction algo-
rithm PROBLEM [34]. The current sheet half-width �
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• IL ∼ 1014 W/cm2

• Te ∼ 400-1000 eV

• S = LvA/η ∼ 150-1500

• Recent shots deployed smaller 440 um diameter DHe3 
capsule for first time for higher spatial resolution

• Upcoming experiments will use higher IL for higher S



Proton Radiography Used to Infer E and B Fields Present in 
the Plasma

Proton observations can be 
quantitatively converted to B fields 
using:
1. Direct mapping of proton 

beamlets

[Petrasso+ PRL 2009]

2. Numerical inversion by solving 
∇ ⋅ 𝛼 = "#

#
for observed proton  fluence 𝛿𝐼
[Kugland+ PoP 2012, Bott+ JPP 2018]

Proton Radiography



Proton Image Sequence Between 2 – 6 ns

2 ns 3 ns

440 um BL capsule 880 um BL capsule

4 ns 6 ns

440 um BL capsule 440 um BL capsule
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FIG. 2. a) Proton radiograph for two colliding plumes at
t = 3.0 ns (NIF shot N180513). The magenta box in analyzed
in (b), which shows the 2-D reconstruction of

R
By d` over

the current sheet. The blue box is analyzed in Fig. 3. Units
correspond to the target plane accounting for magnification.

varies along the sheet and ranges from 15-30 µm, much
thinner than the apparent width in the fluence image.
Meanwhile the length of the sheet is Ly ⇡ 6 mm, for
an overall aspect ratio A = Ly/2� >⇠ 100. Some knots
and modulations of the proton fluence are also observed
at the current sheet, as well as regions along the sheet
which have reconnected more than their neighbors.

The experimental quasi-1-D geometry allows a rigor-
ous and validated of the magnetic field reconstruction.
Fig. 3a shows, in the blue curve, the observed proton
fluence over the entire 1-D trace from the blue region of
Fig. 2a. This lineout is analyzed using a separate, fast
1-D reconstruction code PRADICAMENT [35]. Recon-
structing magnetic fields from the fluence variations re-
quires both the measured proton fluence on the detector
and the initial “undisturbed” proton fluence. Since the
proton fluence varies from shot to shot and along di↵erent
lines of sight, we constrained the undisturbed fluence as
part of the analysis using boundary conditions: we define
first a wide family of undisturbed fluence profiles, which
are assumed to be parabolic as a lowest-order shape, and
use PRADICAMENT to solve for the B field for each
fluence profile. We then accept the B-field profiles which
satisfy: (1) the B fields do not reverse sign after their
initial peaks, and approach zero toward the edge of the
measurement region [33]; and (2), the B fields are consis-
tent with target-edge magnetic field observations within
error bars. These target-edge B fields are displayed as
the two black data points with error bars at x = �2.5 and
+3 mm in Fig. 3b; they were determined by identifying
the deflection of protons which just skimmed the target
edge, which is a known spatial fiducial based on target
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FIG. 3. Detailed 1-D magnetic field reconstructions. a) Blue
curve: measured proton fluence from the blue box of Fig. 2a;
Yellow curve: forward fluence profile obtained from the recon-
struction in (b), indicating a consistent calculation. Purple
band: range of undisturbed fluence profiles I0. b)

R
Byd` re-

constructed from the proton fluence, where the range of the
blue band corresponds to magnetic reconstructions associated
with the purple band of incident proton-fluence profiles I0 in
(a). c) Normalized proton fluence profiles comparing t = 2.0
and 3.0 ns. d) Associated

R
Bydz profiles, where the con-

dition B = 0 at x = ±1.2 mm was imposed for each for a
direct comparison. “ ” labels the area under the curve for
evaluating the magnetic flux  =

R
dx

R
Bydz. e) Zoom-in on

the narrow current sheet. f) Profile of line-integrated currentR
jzdz.

metrology. These protons had an inward deflection in-
dicating a finite B field at each target edge, with error
bars arising from alignment and registration uncertain-
ties. The details of this measurement will be described
in a follow-up publication. The final set of satisfactory
undisturbed fluence profiles is shown as the purple band
in Fig. 3a, and the associated B-field profiles as the blue

Highly Extended Current Sheet Observed with L/δ ~ 100
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1D PRADICAMENT Reconstruction2D PROBLEM 
Reconstruction

• 2D inversion using PROBLEM code [Bott+ JPP 2018]

• 1D inversion using PRADICAMENT code [Fiksel+ 2019]

• Very long, narrow current sheet: ∼ 6 mm x 25 um       
(∼ 200 di x 1 ρe)

• Laminar structure indicates instabilities not yet formed
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FIG. 2. a) Proton radiograph for two colliding plumes at
t = 3.0 ns (NIF shot N180513). The magenta box in analyzed
in (b), which shows the 2-D reconstruction of

R
By d` over

the current sheet. The blue box is analyzed in Fig. 3. Units
correspond to the target plane accounting for magnification.

varies along the sheet and ranges from 15-30 µm, much
thinner than the apparent width in the fluence image.
Meanwhile the length of the sheet is Ly ⇡ 6 mm, for
an overall aspect ratio A = Ly/2� >⇠ 100. Some knots
and modulations of the proton fluence are also observed
at the current sheet, as well as regions along the sheet
which have reconnected more than their neighbors.

The experimental quasi-1-D geometry allows a rigor-
ous and validated of the magnetic field reconstruction.
Fig. 3a shows, in the blue curve, the observed proton
fluence over the entire 1-D trace from the blue region of
Fig. 2a. This lineout is analyzed using a separate, fast
1-D reconstruction code PRADICAMENT [35]. Recon-
structing magnetic fields from the fluence variations re-
quires both the measured proton fluence on the detector
and the initial “undisturbed” proton fluence. Since the
proton fluence varies from shot to shot and along di↵erent
lines of sight, we constrained the undisturbed fluence as
part of the analysis using boundary conditions: we define
first a wide family of undisturbed fluence profiles, which
are assumed to be parabolic as a lowest-order shape, and
use PRADICAMENT to solve for the B field for each
fluence profile. We then accept the B-field profiles which
satisfy: (1) the B fields do not reverse sign after their
initial peaks, and approach zero toward the edge of the
measurement region [33]; and (2), the B fields are consis-
tent with target-edge magnetic field observations within
error bars. These target-edge B fields are displayed as
the two black data points with error bars at x = �2.5 and
+3 mm in Fig. 3b; they were determined by identifying
the deflection of protons which just skimmed the target
edge, which is a known spatial fiducial based on target
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FIG. 3. Detailed 1-D magnetic field reconstructions. a) Blue
curve: measured proton fluence from the blue box of Fig. 2a;
Yellow curve: forward fluence profile obtained from the recon-
struction in (b), indicating a consistent calculation. Purple
band: range of undisturbed fluence profiles I0. b)

R
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constructed from the proton fluence, where the range of the
blue band corresponds to magnetic reconstructions associated
with the purple band of incident proton-fluence profiles I0 in
(a). c) Normalized proton fluence profiles comparing t = 2.0
and 3.0 ns. d) Associated

R
Bydz profiles, where the con-

dition B = 0 at x = ±1.2 mm was imposed for each for a
direct comparison. “ ” labels the area under the curve for
evaluating the magnetic flux  =

R
dx

R
Bydz. e) Zoom-in on

the narrow current sheet. f) Profile of line-integrated currentR
jzdz.

metrology. These protons had an inward deflection in-
dicating a finite B field at each target edge, with error
bars arising from alignment and registration uncertain-
ties. The details of this measurement will be described
in a follow-up publication. The final set of satisfactory
undisturbed fluence profiles is shown as the purple band
in Fig. 3a, and the associated B-field profiles as the blue

Reconnection Observed Between t=2 and t=3 ns

2 ns
3 ns

2 ns 3 ns

• 1D reconstruction of proton fluence at t=2 and t=3 ns
• Total magnetic flux Ψ = ∫ 𝑑𝑥 ∫ 𝐵!𝑑𝑧 decreases from 

3.5±0.2 to 2.1±0.1 T-mm2

• Apparent in raw data as wider and deeper current 
sheet at t=2 ns

• Super-Alfvenic reconnection inflow speed
• Peak current of 160 MA/m

440 um BL capsule 880 um BL capsule

1D Reconstructions



Plasma Self-Emission Measured with Gated X-ray Detector 
(GXD)

90-78 90-124
Camera RGXD4F RGXD3F
Snout H-836-25.4-1.75x H-836-25.4-1.25x

Magnification 1.75x 1.25x
Pinhole Size 150 um 150 um

Sweep speed 600 ps 200 ps
Relative Gain 176x 5x

Strip 4
t2

Strip 3
t2

Strip 2
t1

Strip 1
t1

time
streak

Example Filter Setup

pinholes

filters

camera3 um Al6 um Al3 um Al6 um Al pinholes

• X-rays pass through filtered pinhole array
• Pinhole images collected on streaked detector

• 4 independently timed strips embedded in MCP
• Signal integrated from 200-600 ps
• Images projected onto CCD (spaced to avoid overlap)

GXD Snout

filters



Excellent X-ray Images Obtained from Multiple Viewpoints
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X-ray Image Sequence Between 2 – 8 ns

T0+2ns T0+4ns T0+5ns

T0+6ns

T0+3ns

T0+7ns T0+8ns

stagnating hot plasma
laser plasma plume

HDC target edge



Plasma Temperature Measured with X-ray Pinhole Imaging

• Compare Bremsstrahlung x-ray emission 
through two co-timed filters, e.g. 3 and 6 um Al
• Ratio of the signal through the filters is related to the 

plasma Te

• Measured Te varies from ∼700 eV at 1.1 ns to 
∼400 eV at 2-3 ns

• These temperatures and scale lengths were 
used to constrain PSC particle-in-cell 
simulations

• GXD images also indicate that:
• plasma is reproducible
• line-integration in side-on imaging (90-124 view) 

does not significantly affect measured temperature 
compared to face-on image (90-78 view)

[Schaeffer+ RSI 2021]

GXD Images (2 ns)
4

band in Fig. 3b, a validated reconstruction. These fluence
profiles were used as input for the PROBLEM 2-D recon-
struction, and we obtained good agreement between the
results in the central region. The magnetic field crosses
zero near the two laser foci, x = ±1.2 mm, within error
bars, which is expected since the Biermann generation
should reach a minimum at those locations. From the
variation of

R
Bydz, the current

R
jzdz / @/@x

R
Bydz

is observed to flow upward (+z) strongly in the cur-
rent sheet, and then close back through the bulk of the
plumes.

These results can now be used to obtain quantitative
measurements of the reconnection rate and current pro-
files in the reconnection region. We compare proton flu-
ence (Fig. 3c) and reconstructed magnetic field profiles
(Fig. 3d) obtained from proton radiography reconstruc-
tions at 2.0 ns (NIF shot N191114) and 3.0 ns (N180513),
and which zoom in on the region between the laser foci
indicated by the gray box of Fig. 3b. The data at 2.0 ns is
analyzed by the same techniques as above. However, the
undisturbed proton fluence was significantly more non-
uniform for this shot, so we do not make a reconstruction
over the full-width of the target. Rather, in order to make
a consistent comparison, we reconstruct both between
x = ±1.2 mm, at which locations we impose the bound-
ary condition B = 0. Between the two times, the peak
line-integrated magnetic field decreases from 7.7± 0.5 T-
mm to 5.7± 0.1 T-mm. Integrating the By profile along
the inflow direction (x), yields the total magnetic flux
contained in each bubble  =

R
dx

R
Bydz, which de-

creases from 3.5 ±0.2 to 2.8±0.1 T-mm2, which indicates
a reconnection of flux at the current sheet. Qualitatively,
these results are apparent in the raw data as the wider
and deeper current sheet depletion feature in the 2.0 ns
data (Fig. 3c). Using h

R
Ezdzi ⌘ � /�t by Faraday’s

law, we obtain a vertically-integrated reconnection elec-
tric field h

R
Ezdzi = 700 ± 250 V for the time interval

2–3 ns. GXD observations and laser-diagnostics indicate
the plasmas were reproducible to make this comparison
given the error bars. Therefore we infer an average re-
connection inflow speed of the reconnecting flux is corre-
spondingly hVini ⌘

R
Ezdz/

R
Bydz ⇠ 1⇥ 105 m/s. This

average inflow is super-Alfvenic, using a plasma density
of 1025 m�3, with VA ⇠ 5⇥ 104 m/s, indicating a very
strongly-driven reconnection.

In addition to inference of high magnetic reconnection
rates, we obtain detailed observation of the reconnection
current sheet. Figure 3e zooms in on the current sheet
region, corresponding to the gray box of Fig. 3d. The
current sheet reverses over an extremely narrow scale,
indicated by the half-width � = Bup/|dB/dx| = 28 ±
5µm. The uncertainty in the current sheet width is set
by uncertainty in the CR-39 background level, which was
determined by analyzing CR-39 track noise under the
border frame. Using the magnetic profiles, we obtain the
profile of line-integrated current

R
jzdz which is strongly

FIG. 4. Electron temperature measurements by GXD. (a)
2-D GXD side-on pinhole image obtained at 2 ns after laser
pulse turns on, through 3- and 6-µm Al filters. The trans-
verse dimension is approximately coincident with the y axis
of Fig. 2. The plasma plume expands downwards from the
target at z ⇡ 0. (b) Comparison of vertical GXD profiles and
ratio. The red dashed line and gray band indicates mean and
e deviation of the ratio averaged over the plume. (c) Temper-
ature vs time. Red data points are obtained from GXD x-ray
ratios, assuming thermal Bremsstrahlung emissivity, and the
black curve is obtained from PSC simulations.

peaked in the current sheet at 160 MA/m (Fig. 3f).

Further plasma parameters were provided by the
GXD which acquires gated pinhole images of plasma
Bremsstrahlung x-ray emission through various filters.
The GXD view was from nearly side-on in the equatorial
plane of the target (Fig. 1c) and observed the vertical
plume expansion versus time (rather than current sheet
structures). Fig. 4a shows a typical side-on pinhole im-
age showing the ablating plasma, imaged through 3- or
6-µm Al filters. The vertical spatial profile is shown in
Fig. 4b . The ratio of signals (⇠0.2) between the two
channels relates to the electron temperature, using the
calculated attenuation through each filter. The GXD re-
sults show that the electron temperature in the current
sheet varied from 1000 eV at t = 0.6 ns when the laser
turns o↵ to 400 eV at 3 ns (Fig. 4c). The GXD mea-
surements were also used to constrain PSC particle-in-
cell simulation runs, which simulate the plasma ablation,
Biermann-battery magnetic field generation and the for-
mation of a current sheet [26, 27]. The PSC simulations
have a variable heating input tuned to match the ex-



Summary and Discussion

• Platform for magnetic reconnection experiments 
developed for the National Ignition Facility
• Tiling of lasers drives reconnection through a highly 

extended quasi-1D current sheet
• High quality reconstruction of magnetic fields 

throughout current sheet region
• Reconnection results:

• Direct observation of current sheet in colliding HED 
plasmas (L/𝛿 ~ 100)

• Current sheet width 𝛿 thins down to ~⍴e scale 
• Decreasing magnetic flux with time indicates 

reconnection
[Fox+ arXiv:2003.06351]

• Upcoming shots are planned with:
• higher laser intensity for higher Te and Lundquist 

number


