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Abstract—Analytical estimates and numerical simulation were used to review the yield of nuclear reac-
tion products in a separate cluster and in the focal volume of laser cluster plasma. The circular polar-
ization of a short intense laser pulse is shown to produce an average magnetic field that keeps the
plasma of the focal volume from transverse expansion. An extension of plasma lifetime results under
certain conditions in a significant (up to double) increase in neutron yield in the Li(D, n)8Be reaction
compared to plasma heating by a linear polarization laser pulse when the magnetic field is absent.
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1. INTRODUCTION
It is well known that submicron diameter clusters interacting with an intense and ultrashort laser pulse

heat, ionize and scatter coulombically or thermally generating high-energy charged particles [1]. With an
appropriate choice of laser parameters and of the composition, size, and density profile of the target, the
generated ions can reach high energies sufficient to initiate nuclear reactions [2].

Recent theoretical studies and numerical simulation have predicted that, for example, nuclear fusion
is also possible within a single cluster in collisions between ions as a result of a Coulomb explosion [3, 4].
The yield of the reaction between particles (the number of reaction acts) in a spherical expanding cluster
depends on the cluster expansion rate because, as the cluster radius increases, the adiabatic tempera-
ture/energy of reacting particles drops and their density decreases, which terminates nuclear reactions.
The small focal volume of the laser pulse and rapid expansion of the cluster laser plasma produce few reac-
tion acts, so there arises the task to optimize the parameters of the laser and of the cluster target in order
to increase the yield of reaction products.

We propose in this paper a method to increase the lifetime of cluster laser plasma by means of circular
polarization of the plasma-generating laser pulse. An intense orbital electron current is known to arise in
this case around clusters, which generates a quasi-stationary magnetic field comparable to the laser field
in amplitude [5–7]. The superstrong magnetic field slows down the transverse expansion of both individ-
ual clusters and of the entire focal volume of laser plasma increasing several times the lifetime of the cluster
plasma magnetized in the focal volume of the laser pulse, which should increase the yield of nuclear reac-
tion products. An additional advantage of the laser cluster target is the possibility to use frequency lasers
[8] that repeat the laser pulse with a frequency of 1 Hz or higher thus making it possible to create a quasi-
stationary source of nuclear reaction products, for instance a neutron source although in this case there
are limitations on the laser pulse energy.

2. DETERMINING THE NUMBER OF NUCLEAR REACTIONS IN CLUSTER PLASMA
Consider first a homogeneous dense plasma cluster consisting of atoms of two types, Na and Nb, and

irradiated by an intense circularly polarized laser pulse. Nuclear reactions are known to be possible in this
case as a result of heating, scattering and collisions of ions [9]. The reaction yield is determined by integrals
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over the distribution functions of reacting particles (distribution function moments). When normalized to
the total number of particles Na, Nb, the distribution function moments of different functional form differ
from each other by a multiplier of the order of one. Accordingly, to estimate the reaction yield with such
accuracy, the distribution functions of ions of a and b type involved in the nuclear reaction in the hydro-
dynamic approximation as fa, b (r, , t) = na, b (r, t) ⋅ δ(  – (r, t)er). Then the yield of reaction products
with spherically symmetric expansion is estimated through the reaction cross section σab as [4]

(1)

where mab is the reduced mass of ions. The hydrodynamic densities included in (1), na, b(r, t), and radial
velocities,  are taken from the system of hydrodynamic equations describing the thermal [10] or
Coulomb [11] cluster expansion.

2.1. Analytical Estimates
To estimate the integral (1) by the order of magnitude, an approximate solution to the set of hydrody-

namic equations is sufficient, where the profiles of the densities, na,b(r, t) maintain a rectangular form
throughout the expansion:

(2)

Here θ(x) is the stepped Heaviside function; Ra, b(t) are the outer density front radii of a, b ions; 
are the radial components of the hydrodynamic velocity of ions. Note that the replacement of the rectan-
gular density profile by a parabolic one (stepped in [12]) leads to a multiplier of the order of one in the
integral (1), i.e., accuracy is the same as in using the distribution function in hydrodynamic approxima-
tion. Consider a ions as heavy and b ions as light, the ratio of the ion charge to its mass being Za/ma <
Zb/mb,  < .

The approximate solution to (2) does not take into account the effects of interaction between the fronts
of light and heavy ions [13], of front breaking, and of the multistream flow of light ions [14] because such
effects involve a small number of cluster ions compared to Na, Nb, and we can consider the expansion of
light and heavy ion components independently. Numerical PIC simulation of the cluster expansion with
ions of two types under the action of a laser pulse [15] also demonstrates the presence of two expanding
spherical fronts when the light ion front outpaces the heavy ion front.

We substitute the densities na,b(r, t) and velocities  (2) into (1). The integral over r in (1) is other
than zero only for 0 < r < Ra(t) ≤ Rb(t) (light b ions are ahead of heavy a ions), then N is estimated as

(3)

We consider reactions in which the σab cross section is maximum in the mega-electron-volt range of
ion energies. The path of light ions with energy ~106 eV in a target with density na ~ 1022 cm–3 exceeds tens
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of micrometers. The initial radii of clusters are hundreds of nanometers, so we neglect the ion energy
losses and finite path length when considering the single cluster expansion.

2.2. Cluster Plasma without Magnetic Field
Consider first the process without a magnetic field. The law of conservation of energy (the integral of

the equation of motion of ion scattering at the outer boundary of the cluster) under the action of thermal
and Coulomb forces has the following form:

(4)

In (4) Teh ≈ mec2(Iλ2/1.37 × 1018)μ, 0.5 ≤ μ ≤ 1 is the temperature of hot cluster electrons [16] acceler-
ated by a circularly polarized laser pulse with intensity I; Q is the total electric charge acquired by the clus-
ter due to the removal of electrons by the laser field; k = 3Q/[4πe(Zana0 + Zbnb0) ] is a dimensionless
charge of the cluster in units of its maximum possible value of 4πe(Zana0 + Zbnb0) /3. The numerical sim-
ulation below showed that μ ≈ 0.75 for the cluster plasma and circular polarization of the laser pulse.
The power exponent μ ≈ 0.75 occupies an intermediate position between solid-state targets (μ ≈ 0.5) [17]
and free electrons (μ ≈ 1).

For the electrons to be confined by the ion skeleton of the cluster resulting from partial extraction of
electrons by the main laser pulse, the cluster charge Q must satisfy the inequality Teh < eQ/(CR0) (the
kinetic energy of an electron is less than the potential energy); accordingly, to estimate the cluster charge,
we get the expression Q ≈ CTehR0/e where the numerical factor C ~ 1 and Q grows with increasing laser
intensity as Iμ and cannot exceed the total charge of the cluster’s ion skeleton 4πe(Zana0 + Zbnb0) /3.
The parametric solution of Eq. (4) is written as

(5)

The parameter 0 ≤ κ ≤ 1 in (5) is responsible for the relation between the Coulomb and thermal forces
that accelerate the outer boundary of the cluster. It is convenient to use for practical estimates of the
dependence of the heavy and light ion scattering radii Ra,b(t) on time in the interval R0 ≤ Ra,b(t) ≤ 10R0
(Ra,b(t = 0) = R0), a simple approximation (5) taking into account the scattering of cluster ions under the
action of thermal and Coulomb forces as follows:

(6)
An estimate follows from (6) of characteristic scattering velocities of the heavy a and light b ion com-

ponents of the cluster,  ≈ . When substituting (6) into (3), the estimate
N takes the form:

(7)

It is convenient to use as a target substance for clusters a saturated solution of LiF salt in heavy water (reac-
tion Li + D = 8Be + n). The cross section of this reaction σDLi(εD [MeV]) = (1.9 × 10–22/εD)exp( ) [cm2]
remains large (~1 barn) for εD energies in the range of 1 to 100 MeV [18]. The density is ~1022 cm–3 for this
solution and the number of particles NLi, D ≈ 1.3 × 108 for the cluster radius R0 = 100 nm. The characteristic
energy ε* of the relative motion of Li and D ions coincides with the cross section maximum: ε* = 2 MeV
for I ≈ 2 × 1020 W/cm2 and ZLi/ALi = 3/7, ZD/AD = 1/2. The reaction yield N for a single cluster is ~1 neu-
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tron. In addition to this reaction, neutrons are also generated by the collision of deuterium nuclei, where
the cross section σDD (εD) = 7.32 × 10–24  × exp(–4.33 ) [cm2] in the MeV deuteron energy range
is an order of magnitude smaller and the DD channel contribution is small at high laser intensities.
However, at deuteron energies less than 400 keV (low laser intensities [19]), the cross section of the D–D
reaction will exceed that of the Li–D reaction and the DD channel will be determinant.

As it is known, the longitudinal dimension of the focal region is ~πD2/(2λ) for the laser pulse focus spot
diameter D, i.e., it is approximately twice the Rayleigh length. Let s > 2R0 be the characteristic distance
between the cluster centers in the cluster plasma, then the cluster concentration ncl ≈ s–3 and the total
number of clusters in the focal volume Ncl ≈ π2D4/(8λs3). The minimum possible value of s ≈ 4R0 is a prac-
tically realizable case when the distance between clusters is of the order of the cluster diameter and the
clusters do not merge. When clusters expand apart in the focal volume, nuclear reactions occur not only
in each of the clusters, but also at the collision of ions belonging to different clusters. As a result, the total
neutron yield Ntot from the focal volume is determined by the sum of two summands:

(8)

where Nin = NNcl is the number of within clusters and Nout ix the number of inter cluster reactions.
The change in the argument of the cross-section in the second summand of (8) is due to the change in

the relative velocity square  = (  – )2, which is part of the cross-section argument in (1) for ions of
different clusters, and the averaging over the angles between the velocities leads to  =  + 
wherefrom the sum Zb + Za appears in (8). The ratio of the two summands in (8) determines which type
of collisions (within or between clusters) is the main input into Ntot:

(9)

For example, the focal volume is 104 μm3 for D = 10 μm. At a distance of s = 1 μm between clusters
with R0 = 100 nm, the total neutron yield from the focal volume is approximately 2.5 × 104 neutrons at
intensity I ≈ 2 × 1020 W/cm2 for a 10 femtosecond laser pulse, and for these parameters Nin ~ Nout.

2.3. The Results of Numerical Simulation
To verify the above estimates, numerical PIC simulation of the laser cluster plasma was carried out

using the EPOCH code [20]. Clusters with a radius of 250 nm were considered at the same concentration
of 3 × 1022 cm–3 of  and  ions. The distance between cluster centers s was 900 nm and the number
of clusters was 27 (3 × 3 × 3). The simulation box of x × y × z = 5 × 3 × 3 μm was divided into 1000 × 1000 ×
1000 cells (spaced 5 nm), the central cluster being placed in the center of the box. A laser pulse of different
intensities (1020 to 1022 W/cm2) of 10 fs duration was focused on the central cluster, the focus spot diam-
eter D = 2.4 μm for the wavelength λ = 0.8 μm. The  and  ions, which do not participate in the
nuclear reaction, acted as ballast and may have caused energy losses of “working”  and  ions in
inelastic collisions of ions from neighboring clusters (elastic collisions did not affect the deuterium energy
and nuclear reaction yield). However, estimates of the path length relative to inelastic collisions of D1+, Li3+

ions with energies in MeV units in a medium with an average density of oxygen ions  = ncl4πni0 /3
and a characteristic concentration of clusters ncl ~ 1 μm–3 give a value exceeding both the focal waist

diameter D and the length of the focal region πD2/(4λ). Therefore, the  and  ions were disregarded
in the numerical simulation in the EPOCH PIC code.

Figures 1, 2 show the numerical simulation data of the densities of Li and D cluster ions, the func-
tions of energy distribution of electrons and of Li and D ions, and the dependence of the temperature Teh
of hot cluster electrons on laser intensity. Figures 1a, 1c shows the intense scattering of D1+ and Li3+

ions, density distributions being almost identical due to similar Z/A values. The average density values
of D and Li ions on the color scales correspond to the average density nD = ncl4πni0 /3 used in esti-
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Fig. 1. Spatial distributions of deuterium and lithium ion concentrations of the cluster (a, c) and ion energy distribution
functions at the end of laser pulse (t = 36 fs) (b, d). The blue curve indicates the boundaries of the ion distribution at the
initial moment of time.
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mates, where ni0 = 3 × 1022 cm–3 is the initial solid-state cluster density in the numerical simulation.
Figures 1a, 1c also shows plasma acceleration by the ponderomotive pressure of the laser pulse in addition
to isotropic scattering. There is a directional motion of ions along the x-axis of the laser pulse. The energies
of accelerated ions in Figs. 1b, 1d and the energy of their relative motion W(  – )2 fall/b ab bZ m m /a ab aZ m m
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within the energy interval of the maximum cross section values of Li–D and D–D-reactions. The tem-
perature dependence of hot electrons that accelerate ions (Fig. 2b) corresponds to the power scaling
Teh [MeV] = 1.88 × 10–15 ⋅  [W/cm2].

When the radius of clusters is increased to several hundred nanometers in order to enhance the yield of
reaction products, the Coulomb explosion of a cluster becomes impossible with currently achievable laser
intensities. “Large” clusters expand based on a thermal mechanism (parameters κ → 0, k → 0), and in the
case of a laser pulse with circular polarization an intense circular current of hot electrons appears around
the cluster generating a longitudinal (along the laser beam axis) quasi-stationary magnetic field [5] com-
parable (superior under special conditions [6, 7]) to the laser field. The magnetic field breaks the spherical
symmetry of the expansion and slows down the expansion in the transverse direction, which increases the
effective interaction time of reacting nuclei (the effective interval of integration over time in (3)) and the
yield of reaction products. Note that in the case of laser pulses of linear polarization, the magnetic field
does not arise, and the estimates (3) and (8) are valid for clusters of “large” size. We consider below the
effect of the magnetic field in more detail.

3. THE EFFECT OF THE MAGNETIC FIELD ON CLUSTER EXPANSION 
AND YIELD OF NUCLEAR REACTIONS

The magnetic field leads to anisotropy of the cluster expansion (the cluster acquires the shape of
an ellipsoid of revolution) and to the appearance of two characteristic sizes R⊥a, ⊥b(t), R||a, ||b(t) instead
of Ra, b(t) as well as to the difference in expansion velocities along and across the field and to the appear-
ance of the azimuthal component  of ion velocities. The equations of the cluster dynamics in the
magnetic field are given in Appendix 1.

The yield of reaction products (the formula similar to (3)) in the case of anisotropic cluster expansion
takes the following form:

(10)

Note that (10) does not vanish even in the absence of the longitudinal and transverse cluster expansion
(  =  = 0 because of the azimuthal  revolution of ions in the magnetic field.

The magnetic field slows down the velocities  of the transverse cluster expansion, therefore
in (13) r , rΩa, bR⊥a, ⊥b(t)  x  when the initial shape of the cluster is close to the spherical
one, R||0 ~ R⊥0 ~ R0. Disregarding the velocities , Ωa, b R⊥a, ⊥b(t) ~  (due to the condition

/R⊥0  /R||0), the formula (10) takes a simpler form:

(11)

The comparison of (11) with (3) shows the following features: 1) with the magnetic field off when
R||a, ||b(t) = R⊥a, ⊥b(t) = Ra, b(t), the formula (11) turns into (3); 2) the functions R||a, ||b(t) in (10) are sim-
ilar to the functions Ra, b(t) in (3); and 3) the dimensionless bracket specially highlighted in (11) is

 ≥ 1 and so the time integral in (11) is larger than the integral in (3). Given these features of
(11) and (3), we get an expression for the coefficient of enhancing the yield of reaction products due to the
deceleration of expansion by the magnetic field as follows:
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(12)

It is shown in [5] that the maximum magnetic fields causing magnetic compression of the central
region of the cluster are generated at the maximum possible laser intensities. According to estimates and
numerical calculations carried out in [6], for the intensity Ilas ≈ 1 × 1022 W/cm2, the intrinsic magnetic
field of the cluster with radius R0 = 300 nm reaches 10 GG. With this laser intensity, the deuteron

velocity (6) csb = 6 × 109 cm/s, the dimensionless parameter β =  ~ 0.06 and then the equa-
tions (A1.2) can be solved by perturbation theory in the form of expansion in β. As a result:

and substitution R||b(t), R⊥b(t) in (12) leads to the following estimate:

(13)

Thus, for a single cluster of spherical shape, the yield of reaction products increases little since deuter-
ons with the energy required for the reaction in the intrinsic magnetic field of the cluster have a gyroradius
csb/Ωb ≈ 1.5 μm larger than the initial radius of the R0 cluster. The increase in the yield according to (13)
is ~6% for β = 0.1 and χ = 1.1. Similarly, the contribution of Nin in (9) also increases.

The cluster magnetic field is insufficient to confine the bulk of the plasma volume of an individual clus-
ter at a scale comparable to the cluster radius (reaching β ~ 1), but we can consider the confinement by
the space-averaged magnetic field of the entire focal volume of the laser pulse and increase the Nout con-
tribution. This confinement is reasonable only if the deuteron free path in the cluster plasma is much
larger than the laser beam focus diameter D. The deuteron energy loss is caused mainly by DD collisions
(the lightest ionic component). The free path length of the deuteron with respect to such collisions is
described by the Bethe-Bloch formula:

where nD is the average concentration of deuterium nuclei in the focal volume. We assume that the con-
dition D  lDD(εD, nD) is satisfied since it can be violated with the focal region diameters of the order of
hundreds of micrometers, which corresponds to a very high (hundreds of J) laser pulse energy.

Modern frequency lasers capable of repeating a pulse with frequency in units of Hz have characteristic
pulse energy of the order of J units, and when the frequency is hundreds of Hz, the pulse energy is in tens
of mJ. In this case, D ≤ 30 μm  lDD (εD, nD) in the range of laser intensities discussed here. The yield of
nuclear reactions for such lasers will be reduced due to the escape of deuterons from the focal volume,
but the latter can be magnetized by switching from the linear to circular polarization of the laser
pulse, which will increase the effective path length of the accelerated deuteron in the plasma and,
consequently, the reaction yield. Let us estimate the magnetic field required for magnetization of the
focal volume. It is shown in [5] that the magnetic field of a single cluster is estimated at the end of the
laser pulse as

(a0 = [Ilasλ2/(1.37 × 1018 W μm2/cm2)]1/2, η is the cluster absorption coefficient), and Appendix 2 shows
the law of diminishing cluster magnetic field after the end of the laser pulse: H(t)/H(τlas), t > τlas
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Fig. 3. Spatial distribution of the magnetic field in the focal volume of laser pulse.
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(see (A2.1)). The time dependence of the magnetic field can be expressed by combining these estimates
through the time dependence of the cluster radius:

(14)

In the case of strongly relativistic electrons (γ(τlas)  1) H(t) ~ R–1(t) and for weakly relativistic elec-
trons H(t) ~ R–3(t) [5].

Thus, the clusters expanded to the maximum distance s form a quasi-uniform laser plasma in the focal
volume with a volume-averaged magnetic field:

(15)

The spatial distribution of the magnetic field in the focal volume of the laser pulse for numerical PIC
simulation of the laser cluster plasma is shown in Fig. 3. The average field in the focal volume is ~0.1 GG,
which corresponds to the estimate (15).

To prevent the cluster plasma of the focal volume from expanding in the transverse direction, it is nec-
essary to satisfy the condition 2csb/(DΩb) < 1. This condition (the condition of magnetization of the
focal volume) expressed through the parameters of the laser pulse and the parameters of the clusters
has the form:

(16)

We introduce the “critical” focus diameter

corresponding to the lower boundary of the inequality (16). For μ ≈ 0.75, the relationship Dcr(I) becomes
weak: Dcr(I) ~ I–0.13. The “critical” diameter can be considered with accuracy up to a multiplier ~1 to be
independent of intensity: Dcr(I) = const(I). We get Dcr ≈ 40 μm and the 30-femtosecond laser pulse energy
of around 40 J for the intensity I = 1020 W/cm2, which is available nowadays for experiments. The laser
with such pulse characteristics can operate with repetition frequency in units of Hz [8]. The expansion of
the focal volume under condition (16) will occur only in the longitudinal direction with the characteristic
expansion time τ|| ≈ πD2/(4λcsb) (it is this time that will determine the reaction yield in contrast to the
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time D/cs in the nonmagnetized case), provided that the energy loss on collisions is small, for which the
characteristic time of energy loss is

where ωpe is determined by the average electron density of the focal volume and lnΛ is the Coulomb log-
arithm. Since the parameter χ ≈ 1.1 for the reaction Li(D, n) 8Be, the magnetization condition in the focal
volume of deuterium ions coincides with that for lithium ions. Considering also that the distance s
between clusters depends on the concentration of clusters ncl in the focal volume with s = , the con-
dition (16) can be written as an inequality for the density of clusters required for magnetic confinement in
the form:

(17)

Estimates of the increase in the yield of nuclear reactions imply that the focal volume of the laser pulse
is located inside the cluster jet, so its diameter should exceed the focal length, and the laser pulse absorp-
tion length should be comparable to the focal length. The focal length is close to 1 mm for Dcr ≈ 40 μm.
The real cluster jet f lying out of a nozzle of the required diameter has an angular divergence of ~30°, which
leads to the formation of an area of density inhomogeneity at distances of the order of the jet diameter with
a characteristic scale of hundreds of micrometers. If the laser pulse is absorbed on the periphery of the gas-
cluster jet in the region of cluster concentrations that do not satisfy inequality (17), the magnetic field will
not affect the reaction yield. The laser pulse absorption length in the cluster plasma was discussed in [21]
and it is

(18)

where nec = meω2/(4πe2) and ne ≈ (4π/3)Zni0 ncl are the critical and volume-averaged electron concen-
trations in the plasma, respectively. For the laser radiation to be able to reach the gas jet density regions
satisfying inequality (17), the obvious condition should be satisfied for the scale of inhomogeneity, δl, of
the radial distribution of cluster concentrations, ncl(l):

(19)

We get lph ≈ 400 μm for a cluster with radius 100 nm and concentration  ≈ 1 μm–3, laser intensity
of 1021 W/cm2, and laser pulse duration of 30 fs, which is comparable to the Rayleigh length and the
scale of inhomogeneity (nozzle diameter) of the cluster jet. Note that for lower laser intensities (1019

to 1020 W/cm2) and short absorption lengths lph, inequality (19) can be broken and then the magnetic field
will not affect the yield of nuclear reactions, and the number of reaction products will be determined
by formula (8) with the number of clusters in the absorption length volume instead of the focal length
volume.

In order to find the yield of reaction products from the entire magnetized focal volume, we can use for-
mula (11) taking into account that the total number of ions of each type in the focal volume is NclNa, b, the
size of the focal volume R⊥b ≈ csb/Ωb, R||b ≈ πD2/(4λ). As a result, the estimate of the yield of reaction
products under conditions (16), (17) take the form

(20)

The comparison of the yield of reaction products, Nout, in the absence of the magnetic field (7) and
Nout in the presence of the field (20) shows that the yield of intercluster reactions increases approximately
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by Ωb
2D3/(λ ) times. This factor has a simple explanation: when the field is absent, the characteristic

time of reactions in the focal volume is equal to D/csb, then the density and energy of particles drop.

The magnetic field stops the transverse expansion, increases the density by Ωb
2D2( )–1 times, and the

characteristic time of reactions becomes πD2/(4λcsb). It is the increased density and reaction time that lead

to the factor Ωb
2D3/( ). In the presence of strong absorption (lph < πD2/(4λ)), the absolute yield of

neutrons will decrease, in which case the number of clusters, Ncl, in the absorption volume πD2lph/4
instead of the focal volume π2D4/(16λ) will be included in the estimate (20). The enhancement in the neu-
tron yield at the expense of the magnetic field will remain (if conditions (16), (17) are satisfied), but the
enhancement factor will be smaller being Ωb

2Dlph/  instead of Ωb
2D3/( ) at weak absorption.

Numerically estimate the neutron yield and the parameters of the laser pulse and the cluster plasma,
which enhance the neutron yield due to the confinement of the laser plasma by the magnetic field.
The number of particles in one cluster NLi, D ≈ 109 with an ion concentration of 1022 cm–3 for the cluster
radius R0 = 300 nm. When the intensity of the 10-femtosecond laser pulse is 1022 W/cm2, Dcr ≈ 20 μm,
csb/Ωb ≈ 8 μm, and Ncl ≈ 3000. The yield Ntot (20) will be ~8 × 106 neutrons for σab ≈ 1 barn. Calcu-
lation by formula (7) without a magnetic field (linear laser pulse polarization) with the same parameters
of the clusters gives 2 × 105 neutrons. Thus, changing the polarization of the laser pulse and taking into
account the generated magnetic field make it possible to increase the yield of reaction products by
a factor of about 40. Figure 4 shows the dependence of Ntot on the laser intensity of a 10-femtosecond
pulse (blue curve) based on the formula (20) for clusters with radius R0 = 300 nm, s = 4R0 for the laser spot
diameter Dcr(I) corresponding to the boundary of (16), the neutron yield being also shown in the absence
of a magnetic field (8) for clusters with radius R0 = 100 nm (black curve) and R0 = 300 nm (red curve).
It can be seen that the magnetization of the focal volume enhances the neutron yield over the entire range
of laser intensities sufficient for initiating nuclear reactions. A yield of ~107 neutrons per 1 J of laser energy
was achieved under the condition lDD(εD, nD) < D in numerical simulation [22] with optimization of deu-
terium cluster plasma and a laser intensity of 3 × 1019 W/cm2 for a 30-femtosecond, linearly polarized
laser pulse. The implementation of such a yield requires sufficiently large values of the laser pulse diam-
eter D, of the focal volume, and of laser pulse energy. It was shown in [23] that the laser pulse energy should
be hundreds of J to achieve this neutron yield. In the case of the opposite condition, D < πD2/(4λ) <
lDD(εD, nD), corresponding to a low laser energy, the neutron yield will drop by about a factor of

πD4/( (εD, nD) and it will be ~104 neutrons/J for a laser pulse of the same duration and intensity with
a focus diameter of ~10 μm. A yield of 6 × 104 neutrons/J was experimentally achieved in [24].

Note that the use of high laser intensities and pulse energies in the estimates of this paper is aimed
at obtaining the maximum neutron yield per 1 J of laser energy. If you do not set this task but limit your-
selves to a basic demonstration of the effect of neutron yield enhancement by generating a magnetic field
with a circularly polarized laser pulse, the range of laser parameters expands. The pulse duration should
not exceed the expansion time of a single cluster, which corresponds to tens of femtoseconds. The laser
intensity is basically limited from below by deuteron energy (~1 MeV) required for the Li–D nuclear reac-
tion; it is of the order of 1019 W/cm3. The focus diameter and density of clusters in the jet should satisfy
the inequality (17). For a density of 1 cluster/μm3, the focus diameter satisfying (17) will be ~70 μm, which
is less than the free path of a deuteron. Thus, the implementation of the effect of magnetic confinement
of the focal plasma volume (of a relative increase in neutron yield when circular polarization is used
instead of linear polarization) is possible for a laser pulse with an intensity higher than 1019 W/cm3, dura-
tion of up to 40 fs, and the spot diameter of 70 μm. When the spot diameter is in the range from 70 μm to
the scale of the deuteron free path length (~300 μm), the use of circular polarization will increase the neu-
tron yield.

Thus, at laser pulse energies in units and tens of joules, the use of circularly polarized laser pulse with
high intensity and of the magnetic field generated by this pulse can significantly increase the yield of
nuclear reactions in cluster laser plasma compared to the use of linearly polarized laser pulse. Note also
that lasers with energies in units of joules or less are capable of operating in the frequency mode (with
a frequency of ~1 kHz) of pulse generation [19]. Accordingly, the lower specific neutron yield per 1 J of
laser energy when using circular polarization and magnetic field (~106 neutrons/J) compared to a laser
pulse with linear polarization and energy of hundreds of J (~107 neutrons/J) can be exceeded when switch-
ing to the generation mode with a pulse repetition rate of hundreds of Hz or higher.
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Fig. 4. The dependence of the neutron yield Ntot (17) on the laser pulse intensity (τlas = 10 fs) for clusters with the radius
R0 = 300 nm, s = 4R0, D(I) when the magnetic field is taken into account (blue curve), and the dependence of the neutron
yield (7) in the absence of a magnetic field on the laser intensity of a 10 femtosecond pulse for clusters with radii R0 =
100 nm (black curve) and 300 nm (red curve), D = 10 μm, s = 4R0.
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4. CONCLUSIONS
This paper shows that a relativistically intense circularly polarized laser pulse interacting with a cluster

laser plasma generates a space-averaged magnetic field sufficient to keep the focal volume of the plasma
from transverse expansion. An extension of the plasma lifetime (confinement time) increases the yield of
intercluster nuclear reactions arising from collisions of plasma ions when the laser pulse focus diam-
eter is smaller than the free path length of ions accelerated in the laser plasma. This condition is sat-
isfied for lasers with small pulse energy, but it is violated starting from energies of hundreds of joules.
Lasers with pulse energies in units of joules are capable of operating in the pulse repetition mode with
a frequency from units of Hz and the cluster target in this case will make it possible to create a quasi-
stationary neutron source. The neutron yield can be increased tens of times with the reaction of neutron
production Li + D = 8Be + n (clusters in the form of LiF salt solution in heavy water) and laser energy in
units of joules. So, the neutron yield achieved in experiments on heating cluster plasma with a linearly
polarized pulse of low energy can be significantly increased by switching from linear to circular polariza-
tion of the laser pulse.

APPENDIX 1
Reference [12] presents equations that describe the dynamics of adiabatic thermal expansion (adiabatic

exponent 5/3) of an elliptical ion cluster (semiaxis lengths Xa, b(t), Ya, b(t), Za, b(t)) in the magnetic field H:

(A.1.1)

The characteristic thermal velocities of ions, csa, sb are determined by (6) with the parameter k = 0.
When the magnetic field in (A1.1) is switched off, Xa, b(t) = Ya, b(t) = Za, b(t) = Ra, b(t) and the effective

potential energy responsible for thermal expansion is Ua, b ~  according to the same summand in the
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law of conservation of energy (4). The equations (A1.1) in this case have solution (6) with the parameter
k = 0. There is a motion integral Pϕa, ϕb = (  + Ωa, b) = const when the magnetic field is taken into
account for a cluster in the form of an ellipsoid of revolution Xa,b(t) = R||a, ||b(t) ≠ Ya,b(t) = Za,b(t) =
R⊥a, ⊥b(t) (i.e., azimuthal-symmetric expansion) in the system (A1.1), which allows obtaining a set of
equations for the semiaxes of the ellipsoid of revolution R||a, ||b(t), R⊥a, ⊥b(t):

(A.1.2)

Here R||0, R⊥0 are the lengths of semiaxes of the ellipsoid at the initial moment of time.
It can be seen from the system (A1.2) that the magnetic field leads to the appearance of the effective

potential energy  of expansion in the transverse direction, which has the form of a potential well with
respect to R⊥a, ⊥b. The presence of the well stops the expansion along the transverse coordinate R⊥a, ⊥b at
the scales of ion gyroradii. The expansion does not stop along the longitudinal coordinate but the expan-
sion acceleration changes:  ~  unlike  ~  without the magnetic field in the spherically sym-
metric case. The solutions to the system (A1.2) always satisfy the inequality R⊥a, ⊥b(t) ≤ R||a, ||b(t) because
of the presence of an additional inhibitory force in the transverse direction. Moreover, the motion of ions
of two types is finite in the transverse direction and they continue to collide revolving in the magnetic field
in the space bounded in the transverse direction. The gyroradii of the ions csa, sb/Ωsa, sb should not exceed
the focal waist radius D/2 (the transverse size of the area occupied by the magnetic field) for the transverse
motion to be finite.

The ion densities and velocities take the following form for estimating the yields of the reaction prod-
ucts (1) at anisotropic expansion in the longitudinal and transverse directions:

(A.1.3)

APPENDIX 2
The magnetic field of an individual cluster [5]

After the end of the laser pulse, the electron momentum remains and is an adiabatic invariant unaf-
fected by the slow change of the cluster parameters. The orbital magnetic moment of the electron is related
to its mechanical momentum through the gyromagnetic ratio, which is equal to e/(2mecγ(t)) for a relativ-
istic electron, where γ(t) is the Lorentz factor of the electron at a fixed moment of time. The magnetic field
of the revolving and expanding cluster shell is determined by the magnetic moment of the unit volume,
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in which the concentration of electrons, ne(t) also falls as they expand. We get as a result the following
dependence of the magnetic field on time after the end of the laser pulse:

In adiabatic expansion, the electron concentration and Lorentz factor depend obviously on the cluster
radius as follows:

The following estimate results for the time dynamics of the magnetic field after the end of the laser
pulse:

(A.2.1)
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