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Abstract. Perspectives of magnetic confinement for the increase of life times of laser plasmas generated by
femtosecond laser pulses are considered. Possibilities that are provided by miniature magnetic cusp config-
urations with magnetic fields of moderate intensities (of order of Teslas) are investigated. The construction
of micro-traps with permanent magnets, making it possible to increase neutron yield, seems to be very
simple and possible for most modern “table top” laser experiments.

PACS. 52.50.Jm Plasma production and heating by laser beams (laser-foil, laser-cluster, etc.)

1 Introduction

Applications of laser plasmas for both thermonuclear syn-
thesis and neutron sources are limited by small plasma
confinement times. In the last decade special attention
has been devoted to ultra short laser pulses in the pico-
and femtosecond regimes where high light intensity densi-
ties (of the order of 1019–1021 W/cm2) provide large ion
energies (temperature), sufficient to overcome a thermonu-
clear reaction threshold. The problem of plasma confine-
ment under such extreme conditions (plasma density is
more than 1019 cm−3) becomes even more complicated
compared with nanosecond laser plasmas. This problem
leads to interest in the problem of plasma confinement by
external magnetic fields, as a way to increase plasma con-
finement time. It is clear however that a straightforward
solution of the problem on the basis of known magnetic
configurations will be faced with the problem of many
applications requiring superstrong (of the order of a hun-
dred Teslas) magnetic fields. It was suggested in [1,2] that
the plasma lifetime could be increased by an application
of a strong magnetic field (>50 T) in order to increase
neutron yield. Large values of the magnetic field are con-
nected with the goal of generating a magnetic pressure of
the same order as the plasma pressure.

New possibilities provided by miniature magnetic con-
figurations with magnetic fields of moderate intensities (of
order of some Teslas) for femtosecond laser plasma con-
finement are under investigation in the present paper. The
magnetic traps under consideration are very simple and
available for most modern “table top” laser experiments.
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2 The principle of adiabatic confinement
of femtosecond laser plasmas

The general idea of magnetic confinement of femtosec-
ond laser plasma pulses is based on peculiarities of the
plasma dynamics. These peculiarities are connected with
a sharp difference in the evolution of electron and ion tem-
peratures under the action of laser radiation on targets.
The difference is due to the fact that electrons move in
the laser field undergoing intense energy exchange with
one another, whereas their energy exchange by collision
with ions is a relatively slow process due to large mass
difference between electrons and ions. For example, the
electron-electron Coulomb collision time is of the order
of 10−9 s for plasma density ∼1019 cm−3 and tempera-
ture ∼10 keV, three orders of magnitude less then the
energy relaxation time in collisions between ions and elec-
trons. Energy exchange within the ionic component is es-
sentially zero compared to the electronic component [3].
Ionic motion in the absence of a magnetic field is ballistic
with rare collisions. Interaction between the electronic and
ionic subsystems arises due to a space separation of their
charges and a creation of correspondingly strong electric
fields.

The dynamics of electronic and ionic subsystems de-
scribed above has been observed many times in laser radi-
ation interaction both with thin metallic foils and cluster
targets [3,4]. In both cases electrons captured by the laser
field have been extracted from the target’s material. Fur-
ther ion acceleration is due to a space charge of extracted
electrons or/and due to Coulomb repulsion between ions
in a cluster (the Coulomb explosion [1–4]).

The evolution of electron and ion subsystems men-
tioned above makes it possible to look for a magnetic
confinement of femtosecond laser plasmas based on the
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adiabatic nature of electron expansion and their magnetic
confinement. The ions are confined by the electric field
arising due to charge separation.

Let us consider a magnetic cusp trap of a small size
(of order of some millimeters) which is however essentially
larger than the size of laser spots in modern experiments
(of order of hundred microns). The structure of the mag-
netic field in the cusp looks like a magnetic wall, that is,
the field takes the zero value in the center of the cusp with
its growth at the periphery. Let us describe this growth
by the relation B = Bm (V/Vm)1/3, where V is a plasma
volume, Vm is a maximum volume of the trap. If a tar-
get is placed in the center of the trap, the magnetic field
doesn’t produce any strong effect on the plasma dynam-
ics described above. The plasma expansion stops at the
magnetic wall. So three general steps corresponding to dif-
ferent times can be defined, namely: (0) plasma creation
during the action of a laser pulse, (1) plasma expansion
up to the magnetic wall and (2) quasi-steady state con-
finement.

A description of the expansion step is a rather difficult
kinetic problem. We suppose here an extremely simple ex-
pansion scenario, that can be considered as a pessimistic
one. The expansion is a two-step process. At the first step
the electronic motion is described by the adiabatic law
(adiabatic cooling) whereas ions don’t change their en-
ergies, moving in a ballistic manner. Naturally the den-
sity drops inversely proportionally to the increase of the
plasma volume, that is, the conservation of total parti-
cle numbers is supposed. The electron expansion contin-
ues up to the moment when the electron pressure will be
equal to the magnetic field pressure. At this moment the
electron Larmor radius becomes smaller then the plasma
size (magnetized electrons) whereas the ion Larmor ra-
dius remains larger then the plasma size (nonmagnetized
ions). After this moment, electrons confined by the mag-
netic field break away from the nonmagnetized ions. This
results in the appearance of an electric field due to the
charge separation, which confines the ions as well. Elec-
tron heating is also possible in the process followed by
further displacement of the magnetic field [5]. It is diffi-
cult at present to describe the process in detail. However,
being interested in the plasma parameters of the final step
of the process, let us suppose that an adiabatic evolution
of the total plasma pressure takes place at the step with
equalizing of electron and ion temperatures. The expan-
sion will be finished when the total plasma pressure is
equal to the magnetic pressure.

Let us suppose that there was a plasma generated at
the initial moment of time with a volume V0, electron pres-
sure pe0 = n0Te0 and partial ion energy pi0 = n0Ei0 (the
density n0 of electrons and ions is taken to be the same).
The first step of the plasma expansion will be completed
when the plasma volume is increased up to V1
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The second step of the plasma expansion will be completed
when V2 = Vm and
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Here γ is an index of the adiabatic expansion. The total
plasma pressure after the first step is generally determined
by ions because of the electron cooling. Putting pe0 =
pi0 = p0 and neglecting the term pe1 in equation (2) we
arrive at
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The relationship for the energy change takes the form
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The indices 0, 1, 2 mark the steps described above.
In order to describe the confinement step let us use the

expression for the plasma confinement time τc in a cusp
with a displaced magnetic field [5]:

τc ∼ τee
2Na

αρ0
, (5)

where τee is the electron-electron collision time, ρ0 =
c/ωpe, ωpe is the plasma frequency, a ∼ V

1/3
m is a typi-

cal size of the confined plasma, N ∼ 5–10 is a number of
Larmor radii at the half width of the magnetic cusp slit,
α ∼ 2–5.

The values of plasma parameters calculated from rela-
tionships above for a deuterium plasma with Bm = 1 T,
γ = 5/3, Te2 = Ti2 and N/α = 2.5 are presented in
the Table 1. The same data for Bm = 3 T are shown
in Table 2. The size a of the plasma is a = 0.5 V 1/3,
time of flight is τf = a/

√
2Ei/mi, confinement time

is τc[s] = 0.15a[cm]T 3/2
e [eV]n−1/2[cm−3], and number of

neutrons is N = n2V τf,c 〈σv〉DD.
There are a lot of modern experiments on neutron gen-

eration during the interaction of femtosecond laser pulses
with both thick and cluster deuterium targets, see [1,2].
Let us make more specific estimations of plasma param-
eters for experimental cluster plasma conditions [1]. The
number ∼1.5 × 104 of thermonuclear neutrons was ob-
tained in irradiation of a thin stream (diameter 2 mm)
of deuterium clusters by a laser beam (820 nm, 0.12 J,
35 fs). The neutron yield is in agreement with the mea-
sured plasma parameters (the length is 2 mm, the diame-
ter is 0.2 mm, plasma volume is <0.1 mm3, plasma density
is 1.5× 1019 cm−3, the average electron and ion tempera-
tures are 2.5 keV). Plasma lifetime 0.2 ns was determined
by the ion flight time of the plasma diameter [1].

The neutron yield (as well as possible approach to
the Lawson criterion) is determined by the multiplica-
tion of the confinement time on the reacting ion density
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Table 1. Deuterium plasma parameters for maximum magnetic field Bm = 1 T.

Step 0 1 2

n, cm−3 1017 1019 1.7 × 1015 7.7 × 1015 5.4 × 1014 9.9 × 1014

Te,i, keV Te0 = 10 Te0 = 10 Ei1 = 10 Ei1 = 10 Te2 + Ti2 = Te2 + Ti2 =

Ei0 = 10 Ei0 = 10 Te1 = 0.67 Te1 = 0.083 4.62 2.55
V , cm−3 10−4 10−4 5.9 × 10−3 0.13 0.02 1.01
a, cm 0.023 0.023 0.09 0.25 0.13 0.5
τf , s 2.35 × 10−10 2.35 × 10−10 10−9 2.7 × 10−9

τc, s 10−4 1.1 × 10−4

N 2.4 × 102 2.4 × 106 2 × 101 2 × 104 5.1 × 103 1.06 × 105

Table 2. Deuterium plasma parameters for maximum magnetic field Bm = 3 T.

Step 0 1 2

n, cm−3 1019 3.4×1016 6.6 × 1015

Te,i, keV Te0 = 10, Ei0 = 10 Ei1 = 10, Te1 = 0.22 Te2 + Ti2 = 3.45
V , cm−3 10−4 0.03 0.15

a, cm 0.023 0.16 0.27

τf , s 2.35 × 10−10 1.7 × 10−9

τc, s 4 × 10−3

N 2.4 × 106 1.2 × 104 106

nτc 〈σv〉DD. Plasma volume increases up to the magnetic
trap volume during the expansion, the plasma density,
temperature and (as a consequence) neutron yield decreas-
ing correspondently. The only factor responsible for the
neutron yield increase is the essential increase of the con-
finement time.

The data presented in Tables 1 and 2 demonstrate that
a significant increase in neutron yield can be seen even in
the case of relatively weak magnetic fields. The strong de-
pendence of DD reaction cross-section on ion temperature
results in a smaller increase in the case of more dense plas-
mas. Remember that the isothermal model used for the
estimations above results in the strongest decrease of the
ion temperature in the expansion (the ion energy in the
initial step of the magnetic confinement can in reality be
significantly larger than the electron temperature). How-
ever the general conclusion is obvious, namely the more
dense and hot the plasma obtained after the laser pulse ac-
tion, the stronger the magnetic fields that must be applied
in order to remove the ion cooling effect. The stronger the
magnetic field, the more dense and hot plasmas (ions) are
confined.

The examples presented above point to possibilities
optimistic enough for selection of laser plasma parameters
in order to obtain magnetic confinement conditions. It is
clear however that the variation of possible values of the
plasma parameters is broad enough, so from a practical
point of view one has to look for experimental verification
of the conditions identified above.

3 A magnetic trap for a confinement
of femtosecond laser pulse plasmas

The main problem in the construction of such traps is
a combination of miniature size of the trap (see Tab. 1)

Fig. 1. Permanent magnet
with a width d, a height h and
a slit with thickness d1. The ar-
row indicates the magnetic in-
duction direction.

with large values of magnetic fields (∼T). This is the case
for the cusp used in the estimations above with a spatial
increase of the magnetic field ∼10 T/cm. Construction
of such traps seems at first view to be a hard technical
problem. There exists however a very simple solution.

Let us demonstrate a method of miniature cusp trap
construction on the basis of permanent magnets Nd–Fe–B
(the magnetization is 1.2 T). In order to obtain the cusp
geometry it is enough to make a hole of millimeter diame-
ter in the magnet along the magnetic induction direction.
Due to the fact that the field is directed along the magnetic
induction vector inside the hole whereas it is directed in
the opposite sense outside the magnet, one obtains a zero
magnetic field at the surface of the magnet that is just
the necessary condition for a miniature cusp. Naturally
the cusp sizes are determined by the diameter of the hole
and they can easily be chosen to correspond with specific
experimental conditions.

One can obtain an image of the field geometry and
the magnetic field values using known analytical expres-
sions for plane magnet geometry (see Fig. 1). Analytical
relationships are obtained by a solution of equations
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Fig. 2. A magnetic field strength distribution along Y -axis
at x = 0 in the magnet shown in Figure 1; (d = 1 cm, h =
2 cm) with a slit diameter d1 = 0.01 cm. The field strength is
normalized to the value 0.6 T.

∇× H = 0, ∇ ·B = 0 where the magnetic induction B
and magnetic field strength H are connected with the
magnetization I by the relationship B = µH + 4πI. Here
µ is magnetic conductivity. The value µ = 1 for Nd–Fe–B
magnets is due to the magnet saturation inside the sam-
ple. Introducing the scalar magnetic potential U accord-
ing to the equation H = −∇U one arrives at the equation
∆U = 4π∇ · I, which is transformed into a Laplace equa-
tion under the homogeneous magnetization conditions,
∇ · I = 0. So one can use an electrostatic analogy in the
solution where there is a “charge” with a surface density
modulus I at the boundary of the magnet perpendicular
to the vector I. The following expression follows for the
magnetic field distribution in the magnet without a slit:

Hx = − 1
2π
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{

[(y − h)2 + (x − d/2)2][y2 + (x + d/2)2]
[(y − h)2 + (x + d/2)2][y2 + (x − d/2)2]

}
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y

)
. (6)

The field is normalized on the value 2πI, that is, on
0.6 T for magnets Nd–Fe–B. If a slit with a width d1 is
extracted from the center of the magnet then the mag-
netic field can be calculated with the help of relationships
Hx = Hx(d) − Hx(d1), Hy = Hy(d) − Hy(d1) using the
solution (6). The variation of the field modulus along the
Y -axis at x = 0 for the magnet with the slit is shown in
Figure 2. A comparison of numerical calculations of the
magnetic field in the cylindrical hole geometry with the
slit hole geometry is presented in Figure 3.

Fig. 3. A comparison of magnetic field strength distribution
in a cylindrical hole and a plane slit.

4 Conclusion

We present an attractive proposal for magnetic confine-
ment in order to increase the life time of laser plasmas
generated by subpicosecond laser pulses. Estimations of
the neutron yield corresponding to real laser plasma pa-
rameters also appear hopeful.

The construction of a magnetic micro-trap making it
possible to increase neutron yield seems to be very sim-
ple and cheap as it follows from the considerations above.
The results above suggest it should be possible to find effi-
ciency improvements of experiments on magnetic confine-
ment of laser plasmas with the application of micro-traps
built with permanent magnets.
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