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Magnetic field generation by laser-driven coils is a promising way of magnetizing plasma in

laboratory high-energy-density plasma experiments. A typical configuration consists of two elec-

trodes—one electrode is irradiated with a high-intensity laser beam and another electrode collects

charged particles from the expanding plasma. The two electrodes are separated by a narrow gap

forming a capacitor-like configuration and are connected with a conducting wire-coil. The charge-

separation in the expanding plasma builds up a potential difference between the electrodes that

drives the electrical current in the coil. A magnetic field of tens to hundreds of Teslas generated

inside the coil has been reported. This paper presents a simple model that estimates the magnetic

field using simple assumptions. The results are compared with the published experimental data.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963763]

Starting with the pioneering work by Diado et al.,1 sev-

eral experiments have presented results on a very promising

method for generating a magnetic field with a laser-driven

coil.1–5 A typical experimental setup consists of two metal

electrodes connected with a conducting wire-coil. A hot-

electron plasma is produced by irradiating one of the electro-

des with a high-intensity laser beam while another electrode

collects charged particles from the expanding plasma. The

charge-separation in the expanding plasma builds up a poten-

tial difference between the electrodes that drives the electri-

cal current in the coil.

While some of the experiments cited above bear close

similarities in terms of the geometry and the size of the elec-

trodes as well as the laser parameters, the reported values of

the magnetic field and especially the efficiency of conversion

of the laser energy to the magnetic field energy are drasti-

cally different. For example, Gao et al.5 reported a magnetic

field of �40 T and a conversion efficiency of �0:01%,

whereas Fujioka et al.4 reported a magnetic field of �1000 T

and a conversion efficiency of �1500%! The latter is not a

typo: the estimated magnetic field energy was 15 kJ, while

the laser energy was 1 kJ. One reason for the discrepancy

could be misinterpretation of the data from the diagnostic

methods used for magnetic field measurement. In Refs. 2–4,

a B-dot probe that was used for field measurement was

placed at a significant distance from the coil—one hundred

times the coil radius. Inferring the magnetic field at the coil

position carries an extrapolation of six orders of magnitude

that could produce a significant error. In Ref. 5, the magnetic

field was inferred from the deflection of energetic protons

passing directly through the magnetized area, so the mea-

surement errors were minimized.

This paper presents a simple model that calculates the

generated magnetic field using very basic assumptions and

compares the results with published experimental data.

Consider an experimental setup shown in Fig. 1. A laser

beam ablates plasma from the target electrode, and the

plasma expands toward the front electrode. During the

expansion, the hot plasma electrons stream ahead of the

heavier ions, and as a result, the front plate, which collects

the charged plasma particles, charges negatively. This nega-

tive voltage drives electric current through the coil connect-

ing the front and the back electrodes.

A simple model for collisionless plasma expansion into

vacuum was introduced by Mora.6 In that model, the plasma

density forms a spatial profile that depends on the time, t,
and the distance from the target, x, as

ne ¼ ne0 expð�x=cstÞ; (1)

where ne0 is the initial electron density, cs ¼ ðZTe=AmpÞ1=2

is the ion sound speed, and Te (expressed hereafter in elec-

tron-volts) is the electron temperature. The corresponding

space-charge electric field is

E ¼ Te=cst: (2)

In zeroth order, one can derive the potential difference

between the electrodes from Eq. (2) and use it to determine

the coil current Ic via Ohm’s law

�U ¼
ðd

0

Edx ¼ Ted=cst ¼ RIc þ L
dIc

dt
; (3)

where d is the distance between the electrodes, and L and R
are the coil inductance and resistance, respectively.

We will expand this model to account for (a) the rate of

charged particle generation, (b) the effects of charging

of the capacitor formed by the electrodes, and (c) non-

Maxwellian features of the electron distribution function. In

particular, accounting for the ablation rate appears to be

necessary, at least in principle. Indeed, because the charged

particle generation is not accounted for in Eq. (3), then it

might appear that even a very few plasma electrons, even if

they are very energetic, can drive a large current through

the coil, which is unphysical. Second, the charging of the

front electrode creates a potential barrier for the electronsa)gfiksel@umich.edu
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affecting the dynamics of plasma expansion—a feature

absent from Mora’s model.

According to the ablation model by Atzeni,7 the electron

generation rate can be approximated by _Ne ¼ nccTAL, where

nc ¼ 1:1� 1027=k2
L m�3 is the critical density, kL is the laser

wavelength in lm, and AL is the area of the laser ablation

spot. The ablation velocity cT is very close to the ion acoustic

speed cs ¼ ðZTe=AmpÞ1=2
, whereas the electron temperature

Te depends on the laser intensity and the regime of laser

absorption. If the intensity ILk
2 exceeds 1016 W=cm2lm2,

the temperature can be over 10 keV.2

Consider a typical example of a laser beam with

k ¼ 0:35 lm and AL ¼ 0:01 mm2 ablating a plasma with

Te ¼ 10 keV and Z=A ¼ 0:5. These parameteres, nc ¼ 9

�1027 m�3; cs ¼ 7� 105 m=s result in _Ne ¼ 6:3� 1025 s�1,

which corresponds to the charged particle current of I0 ¼
e _Ne ¼ 11 MA. Naturally, this current (equal in magnitude

but opposite in sign for ions and electrons) represents an

absolute limit of the current that can be driven in an external

circuit.

Consider a gap with the electrodes not connected to

each other. The gap charging is governed by the difference

between the ion and electron currents through the gap

dQ

dt
¼ C

dU

dt
¼ Ii � Ie; (4)

where C is the gap capacitance.

Assume the following (heuristic) model for the ion and

electron currents: Ii ¼ I0 expð�d=cstÞ and Ie ¼ I0 expðU=TeÞ.
The exponential term in the ion current mimics Mora’s

plasma expansion with the finite speed of propagation of the

ion component through the gap of a thickness d. The expo-

nential factor in the electron term reflects the repelling of

Maxwellian electrons with a temperature Te by the front elec-

trode negative potential U. With that, Eq. (4) can be written

as

dQ

dt
¼ C

dU

dt
¼ Ii � Ie ¼ I0e�d=cst � I0eU=Te : (5)

Admittedly, Eq. (5) is not quite accurate, especially dur-

ing the initial stage of plasma expansion because it does not

account for the space charge effects and plasma quasineutral-

ity. Also, Eq. (5) presumes a very large electron current flow-

ing through the gap at the initial moment. We also neglect the

fact that some electrons can escape the capacitor either

through the hole in the front electrode or through the open

sides, so the assumed electron current is certainly an overesti-

mation of its actual value. Nevertheless, it constitutes the

upper-bound estimate of the number of electrons participating

in the electric current creation and, as such, yields an upper-

bound estimate of the load current and thus the magnetic field.

In addition, the characteristic capacitor charging time is

very short—sC � CTe=I0 ¼ 10�16 s for C ¼ 0:1 pF; Te

¼ 10 keV, and I0 ¼ 10 MA. Therefore, the gap front elec-

trode is charged very quickly to a voltage required to equal-

ize the ion and electron currents �U ¼ Ted=cst, which is

equivalent to that obtained from Mora’s expansion model,

specifically Eq. (3).

The waveform of the potential derived from Eq. (5) for

the above plasma parameters and d ¼ 1 mm and C ¼ 0:1 pF

is shown in Fig. 2 (blue line). The gap charges quickly to

�10� Te and then falls on the ion transit time scale. The

model avoids the divergence in Mora’s solution (Eq. (3),

shown in red line) by incorporating the charging of the

capacitor. The capacitor in question can be physical, formed

by the electrodes, or even virtual, formed by the gap between

the expanding quasi-neutral plasma and the front electrode.

After a short charging period, the two solutions agree well

for tcs=d � 0:1. Incidentally, it corresponds to the time

t > tM when the quasi-neutrality approach by Mora’s model

becomes valid over the whole space between the electrodes.

Here, tM is the time when the ion front of the expanding

plasma has reached the front electrode and is determined

from6

tM ¼
d

cs
2 ln

d

kD

tMcs

d

� �
þ ln 2� 3

� ��1

; (6)

FIG. 2. Voltage waveform for an isolated gap. Blue line—solution of Eq.

(5). Red line—solution of Eq. (3). The voltage is measured in units of Te and

the time is measured in units of d=cs.

FIG. 1. A typical experimental setup consists of two electrodes connected

with a wire-coil. A hot-electron plasma is produced by irradiating one of the

electrodes with a high-intensity laser beam. The charge-separation in the

expanding plasma electrons (Ie) and ions (Ii) builds up a potential difference

U between the electrodes that drives electrical current Ic trough the coil L.
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which results in tMcs=d � 0:07 for the above conditions. The

Debye radius kD is calculated for the ablation density nc and

plasma temperature Te.

Consider an experimental setup described in Ref. 5. The

experiment was conducted at the OMEGA EP Laser System8

of the Laboratory for Laser Energetics of the University of

Rochester, New York. The back electrode is irradiated with

two laser beams with a total energy of EL ¼ 2:5 kJ and

focused to a 100 lm-diameter spot to an intensity of

IL ¼ 3� 1016 W=cm2. The laser wavelength is k ¼ 0:35 lm.

The gap electrodes, separated by d ¼ 0:6 mm, are connected

with a single wire loop with a radius of a ¼ 0:3 mm, an

inductance of L ¼ 1:2 nH, and a resistance of R ¼ 0:1 X.

The magnetic field in the vicinity of the wire was measured

by the proton deflectometry diagnostic.

The gap charging drives a current Ic through the coil, so

Eq. (5) is now modified by the addition of the coil current

C
dU

dt
¼ I0e�d=cst � I0eU=Te þ Ic; (7)

while the coil current drive Ic is described by

�U ¼ RIc þ L
dIc

dt
: (8)

The waveform of the coil current under an assumption

of Maxwellian electrons with Te ¼ 10 keV is shown in Fig.

3 (red line). The model result is very close to the experimen-

tal data of Ic ¼ 22 kA at t ¼ 3:1 ns. The magnetic field

amplitude calculated at the coil center under the same

assumptions is B ¼ 42 T, in agreement with the experimen-

tal data of B ¼ 40� 50 T at t ¼ 3:1 ns. The maximum mag-

netic field energy is EB ¼ 0:25 J, which is about 0.01% of

the laser energy.

Depending on a specific regime of laser energy absorp-

tion, the plasma electron distribution can be different from

single Maxwellian. At high laser intensity, the laser beam

can be absorbed through the resonance absorption and gener-

ate a high-energy electron tail. Assume that of all the ablated

electrons, a fraction Kh is hot with a temperature Th, whereas

the bulk fraction ð1� KhÞ is cold with a temperature Tc.

Then, the gap charging Eq. (7) can be modified to include

two groups of electrons

C
dU

dt
¼ I0e�d=cst � 1� Khð ÞeU=Tc � KheU=Th þ Ic; (9)

while the coil current drive Ic is still described by Eq. (8).

The ion acoustic speed in Eq. (9) is cs ¼ ðZTef f =AmpÞ1=2
,

where Teff is an “effective” temperature that we define as

Tef f ¼ ðnecTc þ nehThÞ=ne. Calculating the moments of the

electron distribution function yields

Tef f ¼ Th
Kh þ 1� Khð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
Tc=Th

p
Kh þ 1� Khð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
Th=Tc

p : (10)

The waveform of the coil current for Th ¼ 10 keV;
Tc ¼ 1 keV, and the fraction of hot electrons Kh ¼ 0:1 is

shown as a blue line in Fig. 3. Even though the fraction of

hot electrons is lowered by a factor of 10, the current is

reduced by only a factor of 1.5. This example illustrates the

dominant role of the fast electrons in current generation.

This paper presents a simple model of a laser-generated

magnetic field accounting for (a) the rate of charged particle

generation, (b) the effects of charging of the capacitor

formed by the electrodes, and (c) non-Maxwellian features

of the electron distribution function. The results of the

modeling of the experimental setup described in Ref. 5 are

very close to the experimental data.

The model also allows to assess critically the claims of

super-high kilo-tesla magnetic fields.4,9,10 Indeed, consider,

for example, a setup described in Ref. 9. The back electrode

is irradiated with a laser beam with an energy of EL ¼ 500 J,

a wavelength of k ¼ 1:057 lm, a duration of sL ¼ 1 ns, and

an intensity of IL ¼ 1017 W=cm2. The gap electrodes, sepa-

rated by d ¼ 0:9 mm, are connected with a single wire loop

with a radius of a ¼ 0:25 mm, an inductance of L � 2 nH

(including the leads), and a room-temperature resistance of

R � 0:03 X. The proton radiography results indicated

B � 100 T at the coil center. To produce such a field,

requires, according to our model, a plasma with an electron

temperature of roughly 40 keV, which is quite possible at

such a high laser intensity. However, to produce an 800 T

field would require a temperature in excess of 500 keV,

which seems to be unrealistic.

Another issue, although not directly related to the sub-

ject of this paper, is the resistive heating of the coil wire. For

the large current of �300 kA required to create the high

field,9,10 the resistive heat dissipated in the wire is about

1:5 J. For the wire volume of �5� 10�3 mm�3, the wire

would be heated to about 105 �K, which means the wire

would be evaporated long before the end of the laser pulse.

The heating estimate would be even higher, taking into

account the resistivity dependence on the temperature and

the skin effect (the skin layer is only about 10 lm on the

time scale of 1 ns).

The experimental results from the OMEGA EP Laser

System of the Laboratory for Laser Energetics were obtained

while supported by the National Laser Users Facility Grant

No. DE-NA0002205.

FIG. 3. Red line—coil current for an experimental setup described in Ref. 5.

The electrons are presumed Maxwellian with a temperature Te ¼ 10 keV.

Blue line—the electrons are presumed bi-Maxwellian, comprised of 10% of

Te ¼ 10 keV electrons and 90% of Te ¼ 1 keV electrons.
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