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A new concept ui nui piasma confinement in a

miniature magnetic bottle induced by circularly polarized

laser light is suggested. Magnetic fields generated by

circularly polarized laser light may be of the order of

megagauss, depending on the laser intensity. In this

configuration the circularly polarized light is used to obtain

confinement of a plasma contained in a good conductor

vessel. The confinement in this scheme is supported by the

magnetic forces. The Lawson criterion for a DT plasma

might be achieved for number density n = 5-1O2' cm"3 and

confinement time x = 20 ns. The laser and plasma

parameters required to obtain an energetic gain are

calculated. Experiments and preliminary calculations were

performed to study the feasibility of the above scheme.

Measurements of the axial magnetic field induced by

circularly polarized laser light, the so called inverse Faraday

effect, and of the absorption of circularly polarized laser

light in plasma, are reported. The experiments were

performed with a circularly polarized Nd:YAG laser,

having a wavelength of 1.06 urn and a pulse duration of 7

ns, in a range of irradiances from 109 to 1014 W/cm2. Axial

magnetic fields from 500 Gauss to 2 megagauss were

measured. Up to 5-1013 W/cm3 the results are in agreement

with a nonlinear model of the inverse Faraday effect

dominated by the ponderomotive force. For the laser

irradiance studied here, 9-1013 - 2.5-1014 W/cm2, the

absorption of circularly polarized light was 14% higher

relative to the absorption of linear polarized light.
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2. Introduction
Nuclear fusion energy is the energy source of our

universe. It is the origin of energy in our sun and in the

stars. One of the advantages of using thermonuclear fusion

of light nuclei as a source of energy lies in the fact that a

small investment in the kinetic energy of the ions (-10 keV

per ion) can induce an output of ~ 10 MeV per reaction.

Among the possible nuclear reactions, the first candidate for

fusion development relies on D + T = n + a +17.6 MeV,

because it requires the smallest investment of energy per ion

and provides the greatest energy amplification. The nuclear

fusion reaction of DT yields, per unit mass, eight times

more energy than nuclear fission of uranium and more than

a million times in comparison with the fossil fuels. The

main question is how to use the nuclear fusion energy on

our planet in a controllable way.

Two different schemes for controlled nuclear fusion

have been investigated during the past 40 years:

1. Magnetic Fusion Energy (MFE), based on high
intensity magnetic fields (several Tesla) confining
low density (~ 1014 cm3) plasmas for long times
(10 s).

2. Inertia! Fusion Energy (IFE), based on rapid heating
and compressing the fusion fuel contained in a
spherical target of several mm diameter. At densities
of approximately 1000 times liquid DT (~ 200 g/cm3)
and temperatures around 5 keV, the fusion reaction
occurs efficiently before the plasma pellet
disassembles.

The MFE approach uses strong magnetic fields to

hold the plasma in a vessel without reaching the walls. The

confined plasma is heated by several complementary

methods: Ohmic heating, electromagnetic wave heating and

IAEC-Annual Report 1997
16



IAEC - Miniature Magnetic Bottle Confined by Circularly Polarized Laser Light and
Measurements of the Inverse Faraday Effect in Plasmas

beams heating. These studies required the development of

sources for very high magnetic fields, large volume

superconducting magnets, intense energetic neutral beams,

vacuum and surface technique, and high power

radio-frequency sources spanning a wide range of

frequencies. The 40 years of effort led to significant

progress with a number of magnetic confinement concepts.

The most successful concept has been the Tokamak, first

reported in 1967. The containment parameter, the product

of density, confinement time and temperature, has been

increased 400,000 times since the first experimental

tokamak. Devices for magnetic confinement have been built

in Russia, the United States, Japan, England, Germany,

France, Italy and Canada. Significant advances have come

from the TFTR at Princeton in the USA, the Joint European

Torus (JET) at Culham in England, the JT-60 at Tokaimura

in Japan and the T-15 in Moscow, Russia. Today's large

plasma experiments can handle tritium and produce some

10 megawatts of power. The fusion containment parameter

must be increased fivefold in order to achieve nuclear

ignition.

There is an international plan - the USA, Russia,

Japan and the European Community - to build a torus called

ITER (at an estimated cost of the order of 10 billion

dollars). It is a plasma burning experiment in the

engineering phase, which will finally ignite to produce

some energy in excess of that put into it. The estimated

price for ITER calls into question whether fusion based on

tokamak-like technology can ever be developed. Factors of

a few, or maybe ten at most, in any parameter such as size,

neutron wall loading, and so forth are about all that one

can seek in optimizing a tokamak system.
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While research seeking to reduce the ITER-like system size

by tactors of a few is extremely important and needs to be

pursued, we believe that the breakthrough that allows fusion

to be developed in a more timely and affordable manner

will require a qualitatively different and significant

departure from the MFE tokamak regime and technology.

The second conventional approach to fusion, the IFE

scheme, uses a large number of laser beams to compress

and heat a solid material. The laser energy is absorbed by

the outer periphery of the plasma and transported inwards to

the pellet. Due to the strong heating of matter in the

absorption region, high ablation pressure is exerted on the

spherical target, which leads to the formation of intense

shock waves, moving into the interior of the target and

compressing the nuclear fuel. Densities of 600 g/cm were

obtained at Osaka in Japan by compressing a plastic pellet,

and a yield of 2-1013 neutrons was obtained in the USA by

compressing and heating a DT pellet.

For a laser to ignite a DT pellet, the containment

parameter (density x temperature x confinement time) must

be increased by a factor of 60. Current calculations and

extrapolation from experimental results indicate that a few

ns laser pulse of 1.8 MJ is required to demonstrate fusion

ignition and a moderate net energy gain1". The cost of

developing IFE is also high. The price of the National

Ignition Facility (NIF), which is being built in the USA and

will demonstrate ignition, is over 1 billion dollars. The

anticipated cost of developing efficient inertial fusion

drivers such as ion beams is also high121.

In this report a new hybrid concept which involves

both magnetic and inertial confinement is presented'3 4). A
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miniature "magnetic bottle", induced by high power

circularly polarized light, is suggested.

An alternative approach to thermonuclear fusion,

which uses elements of both the tokamak and inertial fusion

concepts, was sought for many years and was already

proposed by Sakharov in the former Soviet Union in the

1940's. He considered creating a high temperature DT

plasma in a strong magnetic field so that the charged ions

and electrons were "stuck" to magnetic field lines, as in a

tokamak. The hot magnetized plasma would then be

imploded by an external force as in the IFE scheme. The

implosion would heat and compress the relatively dense

plasma and the strong magnetic field would help capture the

energetic a particles produced during the fusion events.

Since Sakharov's idea, many examples can be found in the

magnetic fusion literature showing that fusion reactions can

be created in smaller-sized systems if one admits a larger

magnetic field, higher plasma density, and pulsed operation

as with imploding liners (>9). The most interesting regime of

density is n ~ 1020 cm"3, which is high compared with MFE,

but low compared with IFE. This density regime at 10 keV

temperature corresponds to megabars of pressure (millions

of atmospheres), which is intrinsically pulsed in nature.

This intermediate density regime is called Magnetized

Target Fusion (MTF). The name was chosen on the basis of

two general characteristics: (i) as with IFE, PdV work heats

the fuel by compressing it inside an imploding wall, or

pusher; and (ii) a magnetic field is embedded in the fuel to

insulate it from the pusher.

An example of the above approach is the magnetically

driven imploding liner method for MTF. In the liner
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Approach, fuel with an embedded magnetic field would be

preheated and positioned inside a volume of centimeter

dimensions, which is surrounded by a thin metal shell (or

liner) that will act as the pusher. A current introduced on the

outer surface of the liner would cause it to implode by

self-pinching magnetic forces at a velocity of- 106 cm/s. At

peak compression a significant fraction of the liner kinetic

energy would be converted to thermal energy of the fuel

and the final fuel density and temperature would be

designed to give significant fusion energy generation.

Another hybrid scheme of inertial and magnetic

confinement, using lasers as the driver, has been

proposed1'0"13'. A plasma with a density of the order of 1021

cm"3 can be confined by the inertia of a heavy metallic

container while its heat is insulated by a self-generated

magnetic field of the order of 1 MG. The basic structure of

the plasma container consists of a metallic shell coated from

inside with a solid DT fuel. Plasma is produced by ablation

of the solid fuel caused by an injected laser beam through a

hole. The laser creates a toroidal magnetic field as a result

of the current loop produced by the ejected hot electrons, a

Vn x VT process. The inertial confinement time is

increased by a reduction of the sound speed, partly from the

larger atomic mass of the shell and partly by the reduction

of the shell temperature due to the thermal insulation of the

magnetic field.

The new concept presented in this report relies on

megagauss magnetic field generation by circularly polarized

laser light (CPLL)13"4'. The generation of axial magnetic

fields by CPLL, the so called inverse Faraday effect, is

described in section 3. A description of the mini magnetic
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bottle is given in section 4. Measurements of the inverse

Faraday effect in a range of five orders of magnitude of

laser intensities, 109 to 1014 W/cm2, are reported in section

5. The experiments were performed by irradiating a planar

aluminum target by a circularly polarized Nd:YAG high

power laser, with a wavelength of 1.06 u\m and a pulse

duration of 7 ns, in a range of irradiances from 109 to 1014

W/cm2. Axial magnetic fields from 500 Gauss up to 2

megagauss were measured. Measurements of the absorption

of CPLL light in plasma are described in section 6.

Large (megagauss) magnetic fields are produced by

laser plasma interaction when a high irradiance laser pulse

is focused on a solid target. The relevance of these magnetic

fields to inertial confinement fusion depends on the

numerous ways in which they affect the laser plasma

interaction and the resulting plasma. Many theoretical

studies have dealt with a variety of generation mechanisms
<l4> and with the associated transport and instability

phenomena. One of the most studied processes inducing

self-generated magnetic fields in laser plasma interaction is

the VnxVT mechanism115', which creates a toroidal

magnetic field as a result of the current loop produced by

the ejected hot electrons.

Recently the production of an axial magnetic field by

circularly polarized laser light interaction with plasma, the

inverse Faraday effect, is of much interest. A schematic

description of this effect is shown in Figure 1. The

investigation of this topic is motivated by innovative

approaches to inertial fusion, such as the concept of fast

3. Magnetic fields
induced by
circularly polarized
laser light
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Fig. I: The inverse Faraday effect
in plasma.

CIRCULAR
POLARIZED
LASER BEAM'

\. ' - , / ' CURRE' -. "'

ignition (l6) and the scheme of the miniature magnetic bottle

which is presented here( ~4). The idea of fast ignition for the

direct drive implosion is that a capsule is first imploded as

in the conventional approach to inertial fusion to assemble a

high-density fuel configuration. Second, a hole is bored

through the capsule corona composed of ablated material, as

the critical density is pushed close to the high density core

of the capsule by the ponderomotive force associated with

the high intensity laser light. Finally, the fuel is ignited by

suprathermal electrons, produced in the high intensity laser

plasma interactions, which then propagate from critical

density to this high-density core. This scheme may

drastically reduce the difficulty of uniform compression.

One of the boring schemes suggested lately is CPLL(17"I8).

In this scheme, an ultra intense magnetic field as large as

hundreds of MG for relativistic laser intensities is

obtainable in an overdense plasma where the wave can

propagate owing to the induced transparency*17), boring a

much deeper hole. For example, at an intensity of

approximately 1019 W/cm2, the cutoff density of the plasma

is increased by a factor of 3.
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The inverse Faraday effect was treated theoretically

by different models , involving the solution of the Maxwell

equation for light propagat ing in plasma, at various levels of

approximation.

The dispersion relation of a circularly polarized wave

was obtained from the magnetic dipoles related to the

circular motion of single electrons'1 9 ' . The axial magnetic

field induced by C P L L was estimated using a classical

single plasma model '3"4 2 0 ' . Recently the magnet ic field

generation was calculated in a self-consistent way,

considering two sources. One source is related to the

circular motion of single electrons in the wave , which is

equivalent to a magnetic dipole. The second source is

related to the inhomogenei ty of both the electron density

and the intensity of the laser beam. The calculations in

references 3 and 17 show that the magnetic field is

proportional to the laser irradiance:

B 1 e E o , CO2 L2 r2 r2

(1) i " = ( ^ t ) (7 iK 1 + - fTTT)( (9
2

mtoc

mew 1.07 -108

(2) Bc [Gauss] = = — -
e A(^m)

Eo
 2 = 4 71 Io / c, is the electric field of the laser, Io is

the peak intensity, CO is the laser frequency, m and e are the

electron mass and charge, respectively, c is the light

velocity, La and Ln describe the laser and plasma

profiles: E(r) = E0-exp(-r2/La
2), n(r) = no-exp(-r2/Ln

2), and

top = (47moe /m)1 is the classical plasma frequency at the

center of the plasma distribution. The effect described by

eq.l is called the linear inverse Faraday effect.
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An additional mechanism for the axial magnetic field

generation is by the ponderomotive force'2". This effect is

called the nonlinear inverse Faraday effect. The

ponderomotive force resulting from the inhomogeneity of

the laser is the low frequency part of the Lorentz force and

is proportional to grad (E ) in the classical regime and to

grad(y) in the relativistic regime. E is the electric field of

e E •> i

the laser and y = (l + (——)") : . The axial magnetic field

mooc

induced by the ponderomotive force is obtained'2" by

calculating the low frequency component of the magnetic

field, using the continuity equation of a cold plasma, the

relativistic equation of motion and the Maxwell equations.

In the case of a circularly polarized laser this magnetic

field12'1 is given by:

(3) iL =
Bc

y(0) and wp(0) are, respectively, the value of y and the

plasma frequency at the center of the beam. In the

non-relativistic limit this model gives, for Ln » L a :

B to eE r2

(4) — = (—X -)(\-exp(--^)y
B( to mwc L;

In this model the magnetic field is proportional to the

square root of the laser intensity.

The inverse Faraday effect was also studied

experimentally. Axial magnetic fields of the order of 10°

Gauss were detected in non absorbing materials (glasses) at

low laser irradiance of 107 W/cm2 (22). An inverse Faraday

effect of -210"' Gauss was also measured in a low-density

plasma (~ 3-109 cm"3) subjected to MW pulses of circularly
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polarized microwaves( 3). Axial magnetic fields of 16

kGauss induced by the irradiation of aluminum targets with

a Nd:YAG laser at intensities in the range 6.4-1012 W/cm2

were measured recently (24)

The concept of hot plasma confinement in a miniature

magnetic bottle considered here relies on the hybrid use of

inertial and magnetic confinements and megagauss field

generation by CPLL. The schematic structure of the

suggested configuration (see Figure 2) is as follows: a DT

plasma is created inside a cylindrical or a spherical heavy

conductor (or superconductor) shell with a hole. The plasma

is irradiated by an intense circularly polarized laser beam.

4. The mini magnetic
bottle

CPLL

X

The CPLL creates a toroidal current in the plasma due to

the finite size of the laser spot and density gradient in the

plasma. The toroidal current in the plasma induces an axial

Fig. 2: A schematic description of
the mini magnetic bottle scheme.
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magnetic field inside and outside the plasma and also

induces a toroidal current in the walls in the opposite

direction in order to reduce magnetic field penetration into

the wall. This combination creates a magnetic field in the

laser propagation direction near the center of the plasma and

a magnetic field in the opposite direction near the wall.

These magnetic fields are created in addition to the toroidal

magnetic field formed by the Vn x VT mechanism. Both the

axial and the toroidal magnetic fields can be of the order of

megagauss for typical parameters of laser fusion. The

plasma is heated resonantly by the CPLL from a

temperature of ~ 1 keV to ~ 5 keV during a few

nanoseconds. The process of magnetic field formation and

plasma heating by CPLL lasts for a few nanoseconds, until

the laser is turned off. After the laser is turned off, the

plasma and the magnetic field are not in a steady state, and

they go through a dynamic process of evolution. The

plasma expands and exerts pressure on the walls. The

magnetic field lines expand and diffuse both into the walls

and inside the plasma. Also, heat diffuses from the plasma

to the walls.

In order to achieve the Lawson criterion, one has to

maintain a hot plasma at high density for a sufficiently long

time. A zero order approximation for the confinement time

in is the length dimension of the plasma b divided by the

speed of sound C:

(Z+l)kT . b
<5) C < ) !

where Ze and Amp are the ion average charge and mass,

respectively, k is the Boltzmann constant, and T is the

temperature. For example, for b ~ 0.5 mm and sound
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velocities of the order of 107 cm/s, typical at temperatures

required for fusion, one gets in, ~ 1 ns. However as shown

below, the confinement time in the configuration considered

here is longer. The speed of sound in the high mass number

wall is slower than in the DT plasma. Because of this, the

high mass number walls increase the confinement time of

the plasma. An important parameter in the evaluation of the

plasma confinement time is temperature, which determines

the hydrodynamics of the expansion. The lower the

temperature, the slower is the speed of sound and the longer

is the confinement time. The heat conduction can be

reduced by a strong magnetic field. The magnetic field

plays the role of thermal insulator of the walls. However,

the magnetic field diffuses into the walls and, in order to

obtain thermal insulation of the walls, the typical time for

diffusion of the magnetic field must be longer than the

desired confinement time of the plasma. In cases where this

condition is fulfilled, one should require that the typical

time of heat diffusion (in the presence of the magnetic field)

be longer than the desired confinement time of the plasma.

If these two conditions are satisfied, the hydrodynamics of

the inertial confinement time is determined by the cold

metallic walls.

Another phenomenon that might increase the plasma

confinement time is the ablation from the vessel walls. The

plasma heated by the laser is very hot (few keV), and

therefore radiates (bremsstrahlung) toward the walls. This

radiation creates plasma that flows from the walls toward

the center of the vessel, thereby slowing down the hot

plasma expansion. All these effects increase the

confinement time of the plasma.
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In order to calculate the confinement time of the

plasma, the dynamic process of the evolution of the plasma

must be considered. The one-fluid hydrodynamic equations

(conservation of mass, momentum, and energy) describing

the expansion of the plasma in cylindrical coordinates are

(6) a P+I^ ( rp tO = 0
at r ar

,7) 4 * ± + v , a u A ap d(B'
at ar ar

(8)
r P V r l - v ; +W - rk — + rSr

where p is the plasma density, vT is its radial velocity, P is

the plasma pressure, T is the plasma temperature, B is the

magnetic field, £ is the inertia! energy density of the plasma,

W is the appropriate enthalpy, K is the heat conduction

coefficient, and Sr is the radial pointing vector. In equations

(6) - (8) it is assumed that the electric field in the plasma

can be neglected (£"« fi), The space and time development

of the magnetic field can be derived from Maxwell

equations:

(9) — = curl(vxB) + — - V 2 B
3t 4TIO

where c is the speed of light and o is the plasma

electrical conductivity. Equations (6-8) are completed by

the knowledge of the equation of state12'"*1.

(10) P = P(p,T)
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Equations (6) - (9) describe the dynamics of the plasma

expansion toward the wall. We estimate the typical times

that are described by these equations.

Three time scales should be considered in order to

estimate the plasma confinement. First is the diffusion time

(TB) of the magnetic field as described by the second term on

the right-hand side (r.h.s.) of eq. (9). The term on the r.h.s.

describes the expansion of the magnetic lines within the

plasma, and this is given by the hydrodynamic expansion

time (in) to be considered further. From eq. (9) one obtains a

diffusion time of B to a distance 1B:

(ID

where c is the speed of light and the electrical conductivity

a is given by Spitzer's formula:

1 ( T V3'2
(12) n(T) = - — = 1.15-10-|4zlnA — [s]

a(T) I eV I

where z is the plasma degree of ionization and In A~10

for our parameters of interest. ForT = 5 keV, one gets

T]~ 3-10'19 s for a DT plasma. For cold plasmas (T<300 eV),

eq. (12) is not appropriate. For example, for 100 eV,

aluminum plasma experiments give'21' r|~2-10"18 S and for

lower temperatures one receives lower values of r|. Taking

\s ~ 0.5 mm, of the order of the plasma described above,

and of rimax ~ 2*10"' s, one obtains the following from

equation (11):

(13) rB(fjs) >
mm
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For copper walls at room temperature as well as for 5

keV DT plasma, the diffusion time is more than 100 ns for a

scale length of 20 |im. Thus, the magnetic field exists long

enough after the laser is turned off.

The second time scale to be considered is the heat

diffusion time into the wall. The classical heat conduction

of the electrons across the magnetic lines is given by:

( 14 ) K , = ^ p | .
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where pc is the Larmor radius and xe is the typical electron

collision time:

Vr l̂ T - OR

(15) p = —*-; vT =i .coc e me mec

. T3/2

(16) x e = 3.44-10"'—^
nln Ae

The classical heat diffusion time to a distance 1H is

(17 ) T H »
Ke

For a 5-keV plasma, a density of n = 5-1021 cm"3 and a

confinement magnetic field of B = 2 MG, one gets TH = 180

ns or, in general:

The third time scale is the hydrodynamic time. The

plasma pressure creates a shock wave into the vessel. Using

the ideal gas equation of state and assuming Te = T j = T,

the pressure on the wall is
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(19) P = 2nkT

For n = 51021 cm'3 and T = 5 keV, one obtains a pressure of

160 Mbars. The shock wave induced by this pressure moves

inside the vessel with a speed Us and flow velocity Up.

Using the Hugoniot equation of state data126' for a copper

vessel:

(20) Us = 4.007-105+ 1.466 Up

and Hugoniot relation

(21) P = p0U sUp

one gets Up =3.37 x 106 cm/s (for 160 Mbars). Therefore,

the hydrodynamic time is:

where b is the vessel inner radius. For the above example

one obtains Th ~ 15 ns. However, for a better approximation

one has to take into account the plasma formation at the

walls and the expansion toward the hot expanding plasma.

The plasma on the vessel walls is created mainly by the

bremsstrahlung radiation of the hot plasma. This radiation

power is given by:

where n is the plasma density and x is the electron

temperature of the hot plasma. The maximum value of PB is

obtained at a radiation wavelength:

(24) X • • ° ' 6 2

T(eV)
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The irradiance of this radiation on the wall is:

(25)

cm
= P B . ^ l - H = 8.46-10^ , " .)'(—y-(—)

3 ^"uu 102lcm~3 eV cm27ibh

The ablation mass rate of the wall due to this irradiation is
(27.28).

0/3

m,,,
(26)

cm3 s
= 1.5xlO 5

10'
f

4/3

W

cm"

3 / 2 / . N l / 3 ,

A

2z

1.25X104 -
1021cm-3

A

Oft 1

and the temperature of this plasma is :

Tw(eV) = 2700

(27)

I B

10 14 W 2z

2.75 El) [_M (A
102Icm-3 J [ T J [cmj [2z

where n and T are the hot plasma parameters. We define by

r| the ratio of the "wall-plasma" flow to the "hot-plasma"

flow:

(28)

rii H . A/3

= 12.5

N 7 / 6

— A -1/2

nm, cm

Uw is the thermal velocity for the plasma from the

vessel wall, Uj is the thermal velocity of the hot plasma

expanding toward the wall and m; is the ion mass of the hot

plasma. It is interesting to note that T| does not depend on

the plasma temperature but rather on the hot plasma density,

on the wall material (A, Z) and the vessel inner radius b.
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For b = 0.5 mm, n = 51021 cm"3, Z = 29 and A = 63.5

(copper), one gets T| - 0.53. The wall plasma expansion

changes the velocity of expansion of the hot plasma Up, to

an effective speed given by:

(29) vefr=(l-Ti)Up

The hydrodynamic confinement time of the plasma is

changed from eq. (22) to:

(30) x h - X

0-Tl)

For the above set of parameters, one obtains Th -32 ns.

There are three time scales describing the plasma

confinement in this scheme: the magnetic diffusion time, XB

[eq. (13)]; the heat diffusion time, XH [eq. (18)]; and the

inertial confinement time, Xh [eq.(30)]. XH and XB were

calculated consistently with reference 11. Xh is the

hydrodynamic confinement time and therefore determines

the time scale in the change of the plasma density. The hot

plasma applies a mechanical force on the wall of the vessel.

This mechanism is equivalent to a (plasma) piston

impinging on the wall and creating a shock wave through

the wall. Therefore, assuming thai the wall is thick, the

inertial confinement time is determined by the piston

velocity and the dense plasma radius (and not the thickness

of the wall). During the expansion of the "piston" the

plasma density decreases. It turns out that the value of Xh is

the most limiting time scale. For the parameters under

consideration we obtain.

(31) x B >x H >x h ~30ns .
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The Lawson criterion may be fulfilled for 3w CPLL-

created plasma with a density of 5-1021 cm"3 and a

confinement time o f -20 ns.

An economical fusion reactor must satisfy the

"bookkeeping" requirement of:

( 3 2 ) X"' • G , • T|i> • Tlah • l lh • Tlth • Tic- • (|> = 1

where T|D, r|at,, r|h and r)th are the efficiencies of the driver,

the laser absorption, the energy transport from the absorbed

laser to the DT fuel, and the thermodynamic cycle,

respectively; ((> is the fraction of the burned fuel; and r|cc is

an economic factor. G[ is the intrinsic gain defined as the

ratio of the nuclear fusion output to the internal fuel energy,

and x is the fraction of the fuel heated to the fusion

temperature by the driver (without the alpha heating).

Equation (32) should be satisfied for all IFE schemes. The

main differences between ICF (with high compression) and

the present proposal (without compression) are the values of

r|h and x. In our scheme r|h is close to unity, whereas for a

typical IFE it is ~0.1; therefore, the necessary compression

for a spark ignition scheme in IFE (x ~ 0.1) is not required

in our configuration (x ~ 1).

Another advantage of this new configuration is the

strong magnetic field between the plasma and the walls,

which can smooth out the pressure profile on the walls as a

function of time. This last feature can improve significantly

the stability and confinement of the hot plasma. Moreover,

due to the existence of both toroidal and poloidal fields,

many plasma instabilities are reduced.

In the suggested reactor scheme with an electrical

output energy of 100 MJ per pulse and a repetition rate of
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10 Hz (1 GW output electrical power), one needs a laser

with an energy of approximately 3 MJ.

In summary, a new concept of plasma confinement in

a miniature magnetic bottle is suggested. Our scheme uses

CPLL in order to create large magnetic fields inside a good

conductor vessel containing the plasma. The Lawson

criteria for a DT plasma might be satisfied for plasma

densities of the order of 5-1021 cm"3 and a confinement time

of 20 ns.

Two diagnostic methods were used to measure the

axial magnetic field generated by the interaction of a CPLL

with solid targets. At low irradiances (109- 1011 W/cm2) the

axial magnetic field induced by the CPLL was measured

from the voltage signal induced by the magnetic field in an

output coil. The experimental setup is described

schematically in Figure 3.

LASER BEAM
1060 nm

5. Measurements of
the axial magnetic
field induced by
circularly polarized
laser light

350 nm

Fig. 3: Schematic description of
theferrite ring experiment.

FERRITE ji=60&750

The main laser system and the experimental setup

(shown in Figure 4) is based on a Continuum NY-60

Nd:YAG oscillator followed by one triple-passed and one

double-passed amplifier. The laser pulse duration was 7 ns

and the spot diameter was in the range of 150 - 200
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The target was a ring made of ferrite, with a 350 \xm air

gap and a 500 |im - diameter hole drilled through the ferrite.

The laser was irradiated through the hole and created

Fig. 4: The main laser system and
the experimental setup for
measuring the axial magnetic field
with the Faraday rotation
technique.
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a plasma, by ablating the ferrite on the other side of the air

gap. A CPLL-induced toroidal current was created in the

plasma, which generated an axial magnetic field associated

with an appropriate magnetic flux. Due to the high

permeability of the ferrite, this flux penetrated into the

ferrite and the magnetic field lines closed through the ring.

The time derivative of this magnetic flux induced a voltage
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signal in the output coil, which was measured by a GHz

oscilloscope. Calibration was done with a fast pulse

generator, delivering rectangular pulses 10 ns is duration,

with a rise time of 1 ns.

In the calibration experiment the pulse generator was

connected to the ferrite ring through an input coil similar to

the output used in the laser experiments. The magnetic field

generated in the input coil is given by B = -—r j£ c d t ,
NS 0

where B is the magnetic field, £c is the voltage on the coil,

N is the number of the coil loops, S is the cross area of the

ferrite ring and TC is the rise time of the pulse generator. A

calibration curve is obtained by measuring the voltage of

the output signal as a function of the magnetic field.

The output signal measured in an experiment

performed with a laser irradiance of 5-109 W/cm2 is shown

in Figure 5. At this low intensity the ferrite target was

irradiated only by the oscillator (without the amplifiers),

operating at 10 Hz, and the output signal is an average of

104 shots. The focal spot diameter was 200 |im. The

magnetic field measured in this experiment was 455±220

Gauss. A characteristic feature of the inverse Faraday effect

is the change in voltage when a right handed CPLL is

changed to a left handed CPLL. This feature is seen in

Figure 4, which shows that the voltage signal changes sign

when the polarity of the CPLL changes from right to left.

Similar results were obtained at higher intensities, up to

10" W/cm2. The asymmetry in the signals of Figure 5 may

be due to the misalignment in changing from left circular

polarization to right circular polarization and is an estimate

of the errors in the experiment. At higher peak intensities,
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Fig. 5: Typical time profile of the
magnetic induced voltage in the
ferrite ring experiment.

for the geometry of the experiment and assuming a spatial

Gaussian profile of the beam, a plasma is created through

ablation of the walls of the hole in the ferrite, causing a

drastic reduction of the magnetic flux that penetrates into

the ferrite.

I I I I I I I I

I I I I l l l I I I I I I I l l l l l l l | | | | l l l l l l l l

Right handed
CPLJL

l l l t | l l l I | l l i l

(A)

At higher irradiances the axial magnetic field was

measured using the Faraday rotation diagnostic. This

method is based on the rotation of the plane of polarization

of a double frequency (2w) linear polarized probe laser

beam in the presence of a magnetic field. The angle of

rotation is given by:

(33)
r n(cnT3)B(MG)dz(uin)

1021 1 1 -
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where z is the distance along the ray path, L is the plasma

length, B is the magnetic field component along the path, Xp

is the wavelength of the probe beam , n is the density of the

plasma, and ncp is the critical density for the probe beam.

The experimental setup for measuring the axial

magnetic field is shown in Figure 4. The main laser

beam, 7ns, 1.06 urn and intensities in the range of

1012 - 1014 W/cm2 irradiates an aluminum target. In the

irradiance range of5-1013-3.5-1014 W/cm2, the laser focal

spot (diameter) was 100 \\m and the laser energy was

changed from 30 J to approximately 80 J. For lower

irradiances (2-1012- 5-1013 W/cm2), the focal spot diameter

was 200 Jim. These spot dimensions were consistent with

plasma scale lengths as measured with an x-ray pinhole

camera. The 2w probe beam - 5 ns and 5 mJ - propagates

into the plasma collinearly with the main beam, reflects

from the critical surface and then is directed into an

analyzer system which includes two photodiodes, a X/2

plate, a beam splitter and a high contrast polarizer.

The angle of rotation of the polarization of the probe beam,

after propagating through the plasma, is determined by the

ratio of the signals of the two photodiodes and a calibration

curve of the analyzer. The analyzer was calibrated by

reflecting the probe beam from a perfect mirror, located at

the site of the target. A calibration curve was obtained by

rotating the polarizer and measuring the ratio of the signal

of the two photodiodes as a function of the rotation angle of

the polarizer. The calibration curve was in the shape of a

parabola with a very distinct minimum. The minimum angle

that can be measured with this analyzer system is 1° with an
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error of 10%. In the experiments the polarizer was aligned

at an angle corresponding to the minimum of the calibration

curve. The plasma length was measured by a pinhole

camera. The magnetic field was obtained by unfolding the

integral (exp. 33), assuming a linear density profile. The

experiments were performed for both circularly and linearly

polarized light. In the range of intensities 1012 - 5-101'1

W/cnr the plane of polarization of the probe beam did not

rotate in the experiments performed with linearly polarized

laser light (LPLL). The scaling law of the measured axial

magnetic field B is B ~ I ~, (see Figure 6) At higher

intensities, of the order of 3-1014 W/cm2. a sudden increase

of the axial magnetic field beyond the above scaling law is

observed in the experiments performed with CPLL. At these

Fig. 6: The measured axial
magnetic field as a function of the
laser irradiance, the axial
magnetic field calculated by the
linear model (eq. 3) with an
electron density, n,, = Iff' cm'\
the axial magnetic field calculated
by the nonlinear modelfeq. 4) with
an electron density, n,, = IO~' cm''',

i /*t> - * i f / i / 9 - *

/;„ = Itr cm and n,,= 10 cm .

V'11-lllHMI
i] i : i

l a s e r I n t e n s i t y | \ V c m 2 |

high irradiances an axial magnetic field was observed also

in experiments performed with linearly polarized light. The

axial magnetic field in the experiments with LPLL was 30%

lower than that in the experiments performed with CPLL.

Axial magnetic fields created in targets irradiated by LPLL

may be excited by other mechanisms, such as the dynamo

effectu<J) or due to rippled surface irregularities'301. These

mechanisms are excited at large magnetic Reynolds
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numbers (2930), Rm = 2 0 ( a 2 ) 3 ( ^ ) i \ . I is the laser

intensity in units of 1014 W/cm2, X is the wavelength in |U.m,

x is the pulse duration in picoseconds, Z is the charge and A

is the atomic number.

The measured axial magnetic field as a function of the

laser irradiance varying in a range of five orders of

magnitude, measured by the two diagnostic methods

described here, is plotted in Figure 6. The lines plotted in

this figure correspond to theoretical models explained in

section 3. One can see the increase of the magnetic field

with the laser irradiance.

The lower line in Figure 6 displays the axial magnetic

field as function of the laser intensity calculated by eq. (1),

the linear inverse Faraday effect, assuming an electron

density of n0 = 102' cm"3. The three upper lines are

calculations of the magnetic field using eq. (4), the

nonlinear inverse Faraday effect, at electron densities of

1019, 1020 and 1021 cm"3. The experimental results for laser

intensities in the range of 109 - 3-1013 W/cm2 fit well with

the ponderomotive model calculated with an electron

density of 1020 cm"3. At 1014 W/cm2, an increase in the

magnetic field seems to be present and apparently neither

the ponderomotive model i.e., the non-linear inverse

Faraday effect, nor the linear inverse Faraday effect, can

explain our experimental data.

6. Measurements of
In this section measurements of the absorption of , . , ,

the circularly
CPLL in plasmas are reported. As in the experiments , , ,

polarized laser
presented in section 5, the main laser system is based on a r L* i_ *•
v y light absorption in
Nd:YAG oscillator followed by one triple pass and one nlncmn
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double pass amplifier. The laser yields up to 100 J in 7 ns

FWHM pulses focused at the target by a F/5 lens. The

experimental setup for measurements of the laser absorption

is shown in Figure 7.

vacuum chamber

Fig. 7: The experimental setup for
measurements of laser absorption. photodiode

100 J, 7nsec,
T1064nm circular

polarized beam

Nd:glass
double- pass
amplifier

calorimeter

Continuum NY-60

Nd:YAG oscillator

scope

£>Q2
© men

nUMBMBO

5f£ig«

oi&lS"

By introducing a A/4 plate, the laser polarization is

changed from circular to linear. The degree of the linear

polarization is 99.99% (the polarization is determined by

two polarizers, each with a contrast of 100). The quality of

polarization change by the XIA plate is better than 99%, and

therefore the degree of the circular polarization is 99%. An

aluminum target is mounted inside an integration sphere,

which is placed in a vacuum chamber. The incident laser

energy is measured with a calorimeter. The laser absorption

fraction is obtained from the measurement of the total
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energy reflected from the plasma. The radiation generated

by the laser-target interaction is diffusely reflected from the

highly reflective inside surface of the integration sphere and

measured with photodiodes 1 and 2. The use of two

photodiodes allows an increase in the dynamical range of

the detection method. In addition to the measurement of the

total energy reflected from the plasma, the back reflection

of the radiation from the plasma was recorded by

photodiode 3. The dimensions of the plasma were measured

with a pinhole camera. The experiments were performed

with thick aluminum targets. Photodiodes 1 and 2 were

calibrated by measuring the reflected light of the oscillator

NY-60 (1.06 urn, 100 mJ) passing through different filters

to a mirror mounted inside the integration sphere. The

whole calibration laser radiation is reflected from the mirror

to the integration sphere. The measurements were

performed within the linear range of the photodiodes.

Figure 8 displays the measured total and back-

reflected fraction of the CPLL absorption as functions of

the irradiance. Figure 8(b) shows the difference in the

absorption fractions of CPLL and LPLL as a function of the

irradiance. There was an increase of approximately 14+9%

in the absorption fraction for the CPLL case. Experiments

with circular and linear polarization at the same laser

irradiance displayed in Figure 8 were performed one after

the other, in pairs, by introducing the X /4 plate.

It is suggested to describe the enhancement of the

absorption of CPLL in plasma at non-relativistio intensities

by two models: (i) a macroscopic semi-classical model,

based on angular momentum transferred to the plasma

electrons'20'; and (ii) a microscopic model based on resonant
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absorption via the excitation of upper hybrid

oscillations*31"341 induced by the self-generated axial

magnetic field.

A.

Fig. 8: The absorption fraction of
the circularly polarized laser light
CPLL as the function of the laser
intensity at different angles of
incidence.
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According to a semi-classical model, the circularly

polarized photons are presumed to give up a fraction of

their angular momentum to the plasma. A laser pulse of

energy density WL = E /4rt contains angular momentum

density in the laser propagation direction z, L = WL/W. The

angular momentum density of the electrons in the z

direction is Le = -m/erxj • z, where r is the radius of the

electron orbits and J the current density. Replacing

J - (c/4rc) VxB and averaging over the plasma volume,
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an average angular momentum density is obtained, Le =

(mc/47ie) B. Assuming that the angular momentum density

acquired by the electrons is some fraction r\\ of the photon

angular momentum density, and using the scaling law eq.

(1), we obtain the following for the center of the plasma:

This fraction can attain large values, depending on the

laser wavelength and the pulse and plasma profiles.

From solving the equations of propagation of an

electromagnetic wave in plasma in the presence of an

external magnetic field (3I'34) it was shown that the fraction

of laser absorption via excitations of upper hybrid

oscillations could be characterized by two dimensionless

parameters. The parameter x is related to the density

gradient and the angle of incidence 0 of light at the

reflection point,

(35) x = (2KL/X)m s i nG

where L is the density scale length and X is the wavelength

of the laser. The second parameter a is related to both the

density gradient and the magnetic field:

(36) a - {inLTkf* (CO C/W)

X is the laser wavelength and 0)u. = eB/mc.

Figure 9 shows the absorption at oblique incidence as

a function of T and a. The contours of equal absorption

were taken from ref. 31. The points represent the

experimental results reported here. The density scale length

used for calculating x and a was measured in the
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Fig. 9: Contours of equal laser
absorption fraction (%) in a
magnetized plasma calculated in
ref. (31) and our experimental
results as a function of the
parameters x and a (see text).

experiments L = 100 pm. Two sets of experiments were

performed, with 0, = 2° and 8,= 5°. The magnetic field used

in the calculation of o was taken from the experimental

measurements conducted in the region of laser irradiances

of 6xlO12 W/cm' and the extrapolation using the scaling law

of eq. (1). (Because of the small plasma dimension in the

experiments performed at laser irradiances of approximately

101"1 W/cm2, we encountered alignment difficulties in

measuring the inverse Faraday effect.) The experimental

points for the CPLL case in Figure 9 range from 55% to

75%, which is in reasonable agreement with the absorption

fraction measurements. However, these data do not explain

the 14% higher absorption of CPLL in comparison with that

of LPLL. This problem is intrinsic to this "resonant" theory,

which can induce up to 99% absorption without taking into

account the inverse bremsstrahlung absorption.

In summary, measurements of the self-generated axial

magnetic field created by the interaction of CPLL with

plasma at laser irradiances of approximately 10'" W/cm' and

CPLL laser absorption at approximately 10u W/cm2 laser

irradiances were performed. The results show

approximately 14% enhancement of the laser absorption for

CPLL relative to linearly polarized light.
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The two main approaches that are currently being j Conclusions

pursued in controlled thermonuclear fusion, Inertia! Fusion

Energy and Magnetic Fusion Energy, differ by 12 orders of

magnitude in plasma density and confinement time. A new

scheme is presented here the mini magnetic bottle, in which

the plasma density is n ~ 1021 cm'3 and which utilizes the

benefits of both these approaches: a magnetic field to

confine the plasma temperature and a metallic shell to

confine the plasma pressure.

The concept suggested here relies on the hybrid use of

inertial and magnetic confinements and megagauss field

generation by CPLL. The main difference between IFE

(with high compression) and the present proposal (without

compression) is that the necessary compression for a spark

ignition scheme in IFE is not required.

Experiments and calculations were performed to

study the feasibility of the above scheme. Measurements of

the axial magnetic field over 5 orders of magnitude of the

laser irradiance are reported. The scaling law of the axial

magnetic field with the laser irradiance is determined in the

range of 109 - 1014 W/cm2. Axial fields from 500 Gauss up

to 2.17 megagauss were measured. The absorption of CPLL

was measured for the laser irradiance range (9101 - 2.5-1014

W/cm2) and found to be 14% higher than the absorption of

LPLL.

Future studies will be aimed at performing time

dependent calculations of the plasma evolution and of the

energy gain of the above configuration.
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