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Magnetic fields generated by a current flowing through a U-shaped coil connecting two copper foils

were measured using ultrafast proton radiography. Two �1.25 kJ, 1-ns laser pulses propagated

through laser entrance holes in the front foil and were focused to the back foil with an intensity of

�3� 1016 W/cm2. The intense laser-solid interaction induced a high voltage between the copper

foils and generated a large current in the connecting coil. The proton data show �40–50 T mag-

netic fields at the center of the coil �3–4 ns after laser irradiation. The experiments provide signifi-

cant insight for future target designs that aim to develop a powerful source of external magnetic

fields for various applications in high-energy-density science. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945643]

I. INTRODUCTION

While magnetic fields can be spontaneously generated

in laser-driven high-energy-density (HED) systems,1–6 the

capability of creating a strong external magnetic field source

opens new opportunities in both basic and applied HED sci-

ence.7 Examples include creating magnetic reconnection

geometries in laboratory,8 magnetizing HED plasmas for

fusion yield enhancement,9,10 guiding hot electrons in fast

ignition,11 and collimating positrons and electrons.12 One

technique that has attracted significant attention is based on

laser irradiation of a metallic coil target.13–16

Such target is usually comprised of two parallel metallic

foils, connected with a thin wire that is bent into different

coil shapes for generating various magnetic field configura-

tions. A high-energy laser passes through a hole in the front

foil and irradiates the foil in the back. Hot electrons are gen-

erated during the intense laser-solid interaction17 and escape

from the back foil,18 building up an electrical potential

between the two foils. This results in a large current flowing

through the coil and the generation of strong magnetic fields.

The first attempt at applying this technique was carried

out by Daido et al. in 1986.13 Up to 60 T, magnetic fields

were measured at the center of a one-turn Cu coil irradiated

with a CO2 laser. Courtois et al. used a Helmholtz configura-

tion and measured a peak field of 7 T at the center of two Cu

coils.14 Recently, kilotesla magnetic fields were reported by

Fujioka et al. using a Ni coil target driven by a kJ-class

laser.15 In these experiments, magnetic pickup probes or opti-

cal polarimetry were the primary diagnostics. Measurements

of the field generation could only be made at �mm distances

from the coil center. This is because magnetic probes are

susceptible to electrostatic pickup contaminating the signal,

and Faraday rotation can only measure field generation up to

the critical density region associated with the optical probe

beam wavelength. The magnetic field strength closer to the

coil was inferred based on a vacuum model that describes the

magnetic field profile along the probe path, which could lead

to an overestimation of the total magnetic energy stored in the

coil.15,16

In this paper, direct measurements of the magnetic fields

generated by a current flowing through a U-shaped Cu coil

are reported using ultrafast laser-driven proton radiography.19

A high-energy proton beam was used to map the spatial distri-

bution and time evolution of the magnetic fields around the

coil. The experimental data show that the two parallel Cu foils

provided a high voltage source induced by intense laser irradi-

ation, driving a large current in the U-shaped coil. The meas-

ured current had an amplitude of �18–22 kA at �3–4 ns after

laser irradiation, generating �200–250 T magnetic fields at

the surface of the wire which spatially decayed to �40–50 T

at the coil center. The conversion efficiency from laser energy

to magnetic energy is �0.01%–0.02% at these experimental

conditions.

The paper is organized as follows. Section II describes

the experimental setup. Section III presents a 3-D particle

tracing model that guided the experiment. Section IV shows

an analytical estimate of the proton deflections. Section V

presents the experimental results and data interpretation. In

Section VI, the results are summarized.

II. EXPERIMENTAL SETUP

The experiments were carried out on the OMEGA EP

Laser System at the University of Rochester’s Laboratory for

Laser Energetics.20 Fig. 1 shows a diagram of the experimental

setup. The main target was comprised of two parallel Cu foils

(50-lm thick, 1.5 mm� 1.5 mm in area), connected by a
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U-shaped Cu coil with a wire cross section of 50 lm� 50 lm.

The U-shaped coil had two 500-lm-long straight wires joined

by a half-circular wire with a radius of curvature of 300 lm.

The Cu foils were separated by 600 lm. The front foil had two

laser entrance holes, 200 lm in diameter. The target was laser

cut from a Cu foil and bent around a circular rod to

the required shape. A 125-lm-thick plastic spacer (1.5 mm

� 600 lm in area) was sandwiched between the Cu foils at

their bottom to maintain the foil position. Face-on and side-on

photographic views of an actual target are shown in Fig. 1.

The target dimensions were accurately measured before the

target was fielded in the experiment.

Two OMEGA EP long-pulse beams, each propagating

through a laser entrance hole, were focused to a �100-lm-

diam focal spot at 23� angle of incidence to the back foil.

Each long-pulse beam delivered �1.25-kJ of energy in a 1-ns

square temporal profile at a wavelength of 351 nm, corres-

ponding to an overlapped laser intensity of �3� 1016 W/cm2.

As the long-pulse lasers irradiate the back Cu foil, a

beam of hot electrons with a temperature of tens of keV is

generated.17 These electrons have enough energy to escape

from the target, building up a positive potential on the back

foil.21 A fraction of these hot electrons are captured by the

front foil within tens of picoseconds. These processes result

in the generation of a large current in the U-shaped coil that

connects the Cu foils. The current keeps growing during the

laser irradiation, corresponding to the charging of the target

and the subsequent discharging in the U-shaped coil, with a

rise time comparable to the laser pulse duration.13,16 After

the laser pulse terminates, the target behaves like an

inductance-resistance electrical circuit, enabling the current

to be sustained for tens of nanoseconds.16

In these experiments, the laser-driven current in the coil

was measured with an ultrafast proton beam in a face-on ge-

ometry (see Fig. 1). Up to 55 MeV, protons were generated

by irradiating a 20-lm-thick Cu foil with the 0.3-kJ, 1-ps

OMEGA EP backlighter beam at a wavelength of 1.053-lm

due to the target normal sheath acceleration mechanism.22

The intense laser was focused with a 1-m focal length, f/2

off-axis parabolic mirror onto the Cu target at normal

incidence, providing an intensity of 1.5� 1019 W/cm2. A

thin Ta foil was used to protect the Cu foil from coronal

plasma and x-ray photons created in the main interac-

tion.23,24 The proton beam provides a spatial resolution of 5

to 10 lm and a temporal resolution of a few picosecond.

The protons were detected with a filtered stack of

radiochromic film, providing two-dimensional images of

the interaction.19 The system magnification M, defined as

M¼ (Dþ d)/d, where d was the distance from the proton-

source foil to the middle of the capacitor and D was the dis-

tance from the middle of the capacitor to the radiochromic

film, was �12.5 to 15. Each film corresponds to a proton

energy determined by proton energy deposition inside the de-

tector at which the Bragg peak occurs, thereby diagnosing the

long-pulse interaction at times based on the proton time-

of-flight to the main target and the timing difference between

the long- and short-pulse beams. The relative timing between

the long-pulse and the short-pulse beams was measured with

an x-ray streak camera.

III. PARTICLE RAY-TRACING MODEL

To provide insight for experimental design and data

interpretation, a 3-D particle ray-tracing program was devel-

oped to simulate the proton trajectories in prescribed electro-

magnetic fields.

The proton beam was generated at the location of the

backlighter Cu foil and propagated through the coil target. The

amplitude and distribution of the three-dimensional magnetic

fields generated by the current in the U-shaped coil were cal-

culated using the Biot-Savart law. No electrical fields were

included. As energetic protons probed through the field region,

the proton beam spatial profile underwent variations due to

deflections from the Lorentz force. Synthetic proton images

were constructed by tracing each proton trajectory and accu-

mulating proton numbers at the detector plane. The radiogra-

phy geometry was taken from the experiment. The current and

proton energy were free parameters in the simulations.

Figure 2 shows the magnetic field distribution generated

by a U-shaped coil current. The coil geometry is the same

as the target that was used in the experiment. The blue

FIG. 1. Experimental setup. Photographic views of an actual target from face-

on and side-on directions are shown. The two Cu foils, 1.5 mm� 1.5 mm in

size, are separated by 600lm. The U-shaped coil has two 500-lm-long

straight wires joined by a half-circular wire with curvature radius of 300 lm.

A 125-lm-thick, 1.5 mm-long, and 600 lm-wide plastic spacer is sandwiched

between the two Cu foils to maintain the foil planarity, whose location is

clearly seen in the side-on view of the target.

FIG. 2. Simulated magnetic field distributions by a U-shaped coil current,

with coil geometry taken from the actual target. The protons are incident in z
direction.
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arrow represents the magnetic field vector, with its length

representing the field strength. Strong poloidal magnetic

fields are shown to wrap around the half-circular wire and

the two straight parts of the coil.

Synthetic proton images calculated for various currents

and proton energies are shown in Fig. 3. I represents the current

amplitude, and Ep is the proton energy. Each image was cali-

brated from the detector plane to the object plane taken the sys-

tem magnification into account. A proton void is seen in the

center of the simulated radiograph for all the U-shaped coils,

indicating complete evacuation of protons in this region. Each

void has a sharp boundary indicating formation of caustics.25,26

These features result from the path-integrated proton deflection

by the magnetic fields generated from the current in the half-

circular wire. Because magnetic fields generated by straight

sections of the wires on either side of the U are approximately

parallel to the proton trajectories, little proton deflection is

observed at these locations. Proton stopping inside the Cu wires

is therefore dominant. As a test, a straight wire connecting the

two separated wires is also simulated. Symmetric azimuthal

magnetic fields are generated around the wire, resulting in a cir-

cular void in the proton image, as is shown in Fig. 3(d).

The size of the void increases for larger currents [Figs.

3(a) and 3(b)] and decreases for higher proton energies

[Figs. 3(a) and 3(c)]. Because of the irregularity of the pro-

late void structure, the distance between the U-shaped coil

apex at the coordinate system origin to the prolate void apex,

designated as R in Fig. 3(a), was used as one way of charac-

terizing these effects. Fig. 4 shows the simulated R as a func-

tion of coil current for 29 MeV, 25 MeV, and 22 MeV

protons. Power fittings of these lines show that R is propor-

tional to I0.5 and inversely proportional to E0:25
p .

There are other methods to characterize proton deflec-

tions, such as the average size of the prolate void or the dis-

tance between the coil apex to the lower side of the void

structure. In experimental data, presence of dark filaments

made it difficult to identify the lower foil-side boundary (see

Section V). The void size in the upper side R was therefore a

robust parameter to be used for inferring current amplitude

and its induced magnetic fields.

IV. ANALYTICAL ESTIMATE

Caustic structure in the proton image can be mathemati-

cally identified by basic paraxial mapping, between a proton

ray at the object plane and the same ray at the detector plane

after deflection by electromagnetic fields.25 In this section, a

simplified model is derived to show analytically the most im-

portant effects near the coil, namely, formation of a proton

void with a sharp caustic boundary.

The proton rays, generated at the location of the back-

lighter foil as a point source, pass through the magnetic field

region which is located at a distance d from the proton

source. Each proton ray is deflected by the field with an

angle of a. The protons then propagate ballistically until

reaching the detector at a distance D from the field region.

The coordinate used here is (x, y, z) with the origin situated

at the coil center, and the z-axis passing through the proton

source and the detector. z¼�d is therefore the proton gener-

ation plane or the object plane, and z¼D is the detector

plane or the image plane.

A particular proton ray is characterized by (x, y), the

interaction point of the proton ray with the object plane.

After deflected with an angle of a(x, y) by the fields, the pro-

ton ray reaches the image plane at the point (xi, yi). The point

(x, y) is mapped to the point (xi, yi) following

xi ¼ xþ D
x

d
þ Dax ¼ Mxþ Dax; (1)

yi ¼ yþ D
y

d
þ Day ¼ Myþ Day: (2)

The deflection angle of protons from their original tra-

jectories while passing through magnetic field B can be cal-

culated within the paraxial approximation as

FIG. 3. Predicted proton radiographs calculated from the particle tracing

simulations for various currents and proton energies. (a)–(c) are for a

U-shaped coil current. (d) is calculated for the case where the connecting

wire is straight.

FIG. 4. Simulated R as a function of current I. The blue, green, and red line

represents 22 MeV, 25 MeV, and 29 MeV protons, respectively.
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ax �
vx

vz
¼ � e

mvz

ð
Bydz ¼ � effiffiffiffiffiffiffiffiffiffiffi

2mEp

p
ð

Bydz; (3)

ay �
vy

vz
¼ e

mvz

ð
Bxdz ¼ effiffiffiffiffiffiffiffiffiffiffi

2mEp

p
ð

Bxdz: (4)

Here e is the proton charge, m is the proton mass, and Bx and

By are the x and y component of the B field.

We now simplify our system to calculate the proton tra-

jectories passing through a straight wire parallel to the z-axis

with a length of Lz. This straight segment is qualitatively

similar to the half-circular wire of the U in the experiment.

As a first-order estimate, the B field from this straight

wire is assumed to have a distribution function same as that

of an infinitely long current

jB rð Þj ¼ l0I

2pr
r � R0ð Þ: (5)

Here, R0 is the radius of the coil, and r is the distance from

the proton ray to the current, which equals to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. This

leads to

Bx rð Þ ¼ B rð Þ y
r
¼ l0I

2p
y

r2
r � R0ð Þ; (6)

By rð Þ ¼ �B rð Þ x
r
¼ � l0I

2p
x

r2
r � R0ð Þ: (7)

This system now has a cylindrical symmetry, where the

proton deflections depend only on r. The mapping relation

between the object plane (r, z) and the image plane (ri, zi)

can be found as

ri ¼ Mr þ lBDzD

r
r � R0ð Þ; (8)

where lB ¼ el0I

2p
ffiffiffiffiffiffiffiffi
2mEp

p , and Dz ¼
Ð

dz which is the proton path

length integrated over the field region. Eq. (8) shows that

ri>MR0, and therefore a proton void is formed in the proton

image.

When dri/dr¼ 0, a caustic is formed, creating a spatially

sharp pile-up of protons in the image intensity. This caustic

corresponds to the edge of the proton void and determines its

size. Solving the equation dri/dr¼ 0 leads to

r� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lBDzD

M

r
: (9)

The corresponding proton void radius on the image plane is

ri ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lBDzDM

p
: (10)

Taken the system magnification account, the void radius at

the object plane is

rM ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lBDzD

M

r
; (11)

which is proportional to I0.5, and inversely proportional to

E0:25
p . This is in good agreement with the scaling law calcu-

lated by the ray-tracing simulations.

For 20-MeV protons and a 20-kA current, the proton

void radius estimated from Eq. (11) is 0.31 mm assuming the

proton path length equal to the length of the connecting coil

Lz. This is also consistent with that calculated in simulations,

as is shown in Fig. 3(d).

V. EXPERIMENTAL RESULTS

Numerical simulations and analytical calculations have

shown that a void structure with full evacuation of protons is

formed in the proton image for the current-generated mag-

netic fields. This void is around the coil apex and has a sharp

boundary. These features have been used for the interpreta-

tion of experimental results.

Figure 5 shows six raw proton radiographs of the target

after laser irradiation. (a)–(c) are obtained from the first shot,

where the short-pulse beam for generating energetic protons

was fired 1 ns earlier than in the second shot, from which

(d)–(f) are collected. The exact proton probing time is shown

for each image with respect to t0, where t0 is the arrival time

of the long-pulse beams at the surface of the back Cu foil.

The proton energy was 29 MeV, 25 MeV, and 22 MeV for the

three columns, respectively. The radiographic view of the tar-

get corresponded to 3.7 mm� 3.7 mm at the object plane. The

data show the rectangular Cu foil, the fiber stalk that holds the

entire target, and the straight-part of the U-shaped coil.

Overlaid on top by the dashed line on images (a), (b), (d), and

(e) is the contour of the original target in a face-on view, in

good agreement with the experimental measurement.

Around the U-shaped coil apex, a proton void without

proton accumulations is observed for all six images, reveal-

ing magnetic field generation induced by the current in the

U-shaped coil. At the void edge, a sharp increase in proton

numbers is also seen, indicated by the lineouts in Figs. 5(a)

and 5(d). This void structure is not caused by electric fields

or wire expansion due to resistive heating, as no such proton

deflections are observed for the straight portions of the wire

joining the U to the foils.

Dark filamentary structures are also observed in the pro-

ton images, indicating a high proton flux accumulation along

each striation. These structures, possibly associated with

instabilities in the coronal plasma,27 originate from the abla-

tion region of the target and extend into the low-density

region under the confining force of the self-generated elec-

tromagnetic fields.28–31 At these probing times, the coronal

plasma produced by the main interaction between the long-

pulse beams and the back Cu foil had arrived at the coil

region, contributing to the formation of filaments in the pro-

ton images. The filamentary structures are more prevalent in

the upper half of the image, as plasma expansion into the

lower part is stopped by the plastic spacer between the Cu

foils (location of the spacer can be found in Fig. 1).

Furthermore, Figs. 5(a)–5(c) show a circular structure

around the wire. This feature is also excluded as due to the

coil current-induced magnetic fields because no complete

void is exhibited.

The amplitude of the current in the U-shaped coil and

the current-generated magnetic fields are estimated by

matching the theoretically calculated and measured proton
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voids in the proton images. To determine the evolution of

the void size R, lineouts are drawn for all six images along

the direction passing through the U-shaped coil apex (see

Figs. 5(a) and 5(d) for examples). The left panel in Fig. 6

shows the measured values of R overlaid on top of the simu-

lated results. The three dots correspond to the measurements

from Figs. 5(a)–5(c), where the data were taken from the first

shot. The three circles are measured from Figs. 5(d)–5(f)

taken from the second shot. Within the same shot, the rela-

tive proton probing time spans about 21 ps, as the proton

energy is changed from 22 MeV to 29 MeV. The inferred

current amplitude from each measured R remains about the

same, indicating a static current during the 21 ps interval. In

time, the amplitude of the current decreased, from 22 kA at

about t¼ t0þ 3.1 ns to 18 kA at about t¼ t0þ 4.1 ns. The

error bar in current is 61 kA, as a result of uncertainty of

65 lm in determining R.

The inferred current in the coil is supported by compar-

ing the simulated void structure with the experimental mea-

surement. The right panel in Fig. 6 shows the simulated

proton structure for 25 MeV protons with the current ampli-

tude of 18 kA, overlaid on top of experimental data repro-

duced from Fig. 5(e). The experimental data also shows two

dark filaments originating from either side of the straight coil

and deviating from their original paths while extending fur-

ther into the coil region, making it difficult to exactly iden-

tify the lower foil-side boundary of the void and compare

with simulations in which plasma effects are not included.

The upper side where less plasma effects exist, however, is

better reproduced by simulations with 18 kA current.

The corresponding magnetic field generated by

18–22 kA current at the surface of the wire is �200–250 T,

FIG. 5. Proton radiographs obtained with 29-MeV, 25-MeV, and 22-MeV protons at six different times. The data in two rows are obtained from two different

shots. Overlaid on top of (a), (b), (d), and (e) is the contour of the original target in a face-on view. Lineouts drawn along the U-shaped coil apex are shown in

(a) and (d).

FIG. 6. Left panel: simulated and measured R as a function of current. The

blue, green, and red line represents 22 MeV, 25 MeV, and 29 MeV proton

energy, respectively. The dots were calculated from the first shot data, and

the circles were from the second shot. Right panel: synthetic proton radio-

graph calculated from the particle tracing simulations with 18-kA current in

the coil is overlaid on top of the measured data reproduced from Fig. 5(e).
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spatially decaying to �40–50 T at the center of the half-

circular wire. The magnetic energy stored in the U-shaped

coil is �0.26–0.4 J, leading to a conversion efficiency of

�0.01%–0.015% from laser energy to magnetic energy.

Electrical fields or wire expansion due to resistive heat-

ing might play a role in deflecting protons propagating

through the straight-part of the coil. Proton deflections by

magnetic fields around the straight wires are small because

the incident protons are close to parallel to the magnetic field

lines in this region. Assuming that the measured displace-

ment of �25 lm for 25-MeV protons is caused by electrical

fields, an upper-bound estimation of the electrical field

strength is �5� 108 V/m.

Further experiments with two connecting U-shaped coils

forming a Helmholtz-like configuration were carried out, dem-

onstrating the two Cu foils provided a voltage source rather

than a current source for driving the current in the U-shaped

coils. Fig. 7 shows a proton radiograph for these targets driven

by the same laser conditions as the single coil case. The data

were obtained with 25-MeV protons at t¼ t0þ 4.110 ns. The

two coils were separated by 600 lm. Compared to the case

with a single coil (Fig. 5(e)), two void structures are observed,

each created by a U-shaped coil current. In order to reproduce

the observed structures, 18 kA of currents in both coils have to

be prescribed in the ray tracing program, identical to the cur-

rent flowing in the single-coil experiment. This indicates that

under these conditions, the target acts as a voltage source with

output impedance much smaller than the coil inductive or

resistive impedance. The conversion efficiency from laser

energy to magnetic energy is increased to �0.02%, providing

a possibility for increasing the stored magnetic energy by add-

ing extra coils. It is noted that a jet-like feature is observed in

between the two ring structures, whose formation is under

investigation and will be described in a future publication.

VI. CONCLUSION

In conclusion, direct measurements of the magnetic

fields generated by a current flowing through a Cu coil tar-

get driven by high-energy lasers at a focused laser intensity

of �3� 1016 W/cm2 are reported using ultrafast proton ra-

diography. The measured current amplitude was �22 kA at

about 3.1 ns after laser irradiation, which decayed to

�18 kA in 1 ns. The corresponding magnetic fields induced

by the current were �200–250 T at the surface of the wire,

spatially decayed to �40–50 T at the coil center. The con-

version efficiency from laser energy to magnetic energy

was �0.01%–0.02% at these experimental conditions.

Besides observing the proton void due to the current-

induced magnetic fields, dark filamentary structures were

seen in all the images. This is because the coronal plasma

expanded into the coil region and the self-generated electro-

magnetic fields associated with instabilities inside the plasma

caused proton deflections. Creation of such features overlaps

with the proton void, complicating the experimental data

interpretation. To avoid this issue, future target design could

have longer straight-part of the coil so that it takes longer

time for the coronal plasma to reach the region of interest, or

include a shielding piece to prevent the coronal plasma from

expanding into the region.

The experimental data show that the Cu foils provided a

voltage source for driving the current in the connecting coil.

This indicates that the load resistance and inductance will

play a role in the ultimate current. Detailed experiments will

be carried out to develop lumped circuit models for these

laser-driven systems and understand the underlying physics

for controlling the field dynamics. This will benefit the pro-

posed applications that use this technique for external mag-

netic fields.
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