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Introduction

As is known, studies into the methods of generation of
superstrong magnetic fields and the influence of such fields
on the properties of objects [1] are relevant in various areas
of physics and astrophysics. The generation of superstrong
magnetic fields and giant magnetic moments based on the
excitation of intense circular electron currents in cluster gas
targets irradiated by a circularly polarized ultrashort laser
pulse of relativistic intensity has been considered in [2-5].

Cluster laser targets are the subject of active current
research [6]. To generate a magnetic field, the radii
of clusters of such targets should be smaller than the
wavelength of laser radiation for circular orbits of electrons
to be located outside the ionic cluster core. It was
assumed in [2-5] that a short intense laser pulse has no
pre-pulse and the density profile of the ionic cluster core is
rectangular with a given initial radius (tens and hundreds
of nanometers) and solid-state density. In experiments,
ultrashort (tens of femtoseconds) laser pulses of relativistic
intensity are preceded by a pre-pulse with a duration of
tens and hundreds of picoseconds. Modern laser technology
can increase the ratio of maximum intensities of a pulse
and a pre-pulse, which is called contrast, to a value of
K < 10' [7], but cannot completely remove it (K = o).
For clusters of small radii and ultrahigh laser intensities
(< 102 W/cm?), even record-high contrast values leading
to a pre-pulse intensity of < 102 W/cm? can affect the
density profile of the plasma cluster [8,9] formed before
the arrival of the main pulse. In the worst case of weak
contrast, clusters will have time to heat up and expand
to a transparent state (the density will fall below the
critical density) before the arrival of the main pulse, which
will reduce its absorption and the associated momentum
transfer from laser radiation to electrons. The absorption

coefficient (actually, the coefficient of momentum transfer
from circularly polarized radiation to electrons) depends on
the density and radius of the cluster; therefore, it is possible
to achieve maximum absorption and maximum strength of
the generated magnetic field by setting the right pre-pulse
parameters (intensity and duration).

In the present work, analytical and numerical studies of
the influence of pre-pulse parameters on the density profile
of the gas target cluster, on the absorption coefficient of
cluster plasma, and on the strength of the generated quasi-
stationary magnetic field have been carried out. The optimal
parameters of the target were determined with account for
the contrast value of an intense laser pulse.

Influence of a laser pre-pulse on a cluster

Consider a spherical target of constant mass that is first
exposed to a pre-pulse with intensity I p and duration
t.p and then to a main pulse with intensity | = Kl at
contrast K. The initial ion concentration of the target plasma
is chosen to be close to solid-state value njg = 6 - 1022 cm 3,
and the initial density profile is rectangular. The collision
mechanism [10] of absorption of the laser pre-pulse by
plasma is dominant in this case. Numerical modelling of
the interaction of a gold cluster with pre-pulses of varying
intensity (10'2—10"> W/cm?) and duration (4—20ps) was
carried out using the hydrodynamic code [11]. The electron
temperature was TeLp > 5 eV within the entire range of pre-
pulse parameters, and plasma expanded at a velocity close to
ion sound velocity Cs ~ \/Z|_pTe|_p /mp > 2 103 cm/s, where
m and Z,, are the mass and charge of an ion. The
maximum N max density of the target decreased with time
upon expansion in accordance with the condition of target
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mass conservation:
Ni max (t) = Nio[Rio/ (Rio + Cst)]*.

Since a relatively short pre-pulse was used, the plasma
ion charge was determined via the probability (per unit
time) of tunneling ionization of a target atom in the
electric field of the laser wave [12]. The obtained average
value Z p~ 2 for the ion charge was used in further
calculations.  After interaction with the pre-pulse, the
density profile of the target was close to a trapezoid
with density gradient | = aCstip (¢ < 1) and maximum
density Njmax = Nio[Rio/ (Rio + CStLp)]3. Hydrodynamic cal-
culations have shown that at various absorption coefficients
(nLp < 0.8) of laser pre-pulse radiation, a less than 20%
expansion of a 100nm Au cluster (ie, a 20% increase
in radius and a corresponding decrease in density) is
achieved at a pre-pulse intensity < 10'2W/cm 2 and a
duration < 8ps. Further 3D calculations of the interaction
between the cluster and the main pulse performed using
the PIC code EPOCH [13] showed that such cluster
dispersal does not affect the magnitude of the generated
magnetic field, and pre-pulses with parameters satisfying
the I ptLp < 8- 1012 W-ps/cm2 condition do not affect the
subsequent interaction of submicron gold clusters with the
main pulse. If this condition is violated, the radius of the
cluster grows, the density drops, and the pre-pulse starts to
affect the strength of the generated magnetic field.

To quantitatively describe this influence in the analytical
model, we will consider the plasma density profile of the
cluster formed under the action of the laser pre-pulse, first
in the shape of a rectangle of varying width 2R, and
height n; with a constant mass when njg = nio[Rio/Ro]’.
Note that the replacement of the trapezoidal profile by a
rectangular one is justified by the considered small initial
radii of the cluster (Rjp ~ 100 nm), since the density already
falls below the critical one upon expansion to Ry ~ 5R;y and
the absorption decreases significantly, which is not optimal
for the generation of the magnetic field. Accordingly, the
scale of the sloping parts of the trapezoid in the considered
range will be smaller than the laser wavelength, and the
trapezoidal density profile can be replaced by a radially
averaged rectangular profile.

Under the influence of the pre-pulse, the cluster is ionized
and heated, and a certain fraction of electrons leave the
cluster. As a result, the cluster becomes charged. Using the
relations for cluster charge Q.p at a given pre-pulse field
strength E p = /47l p/C given in [14], we obtain that the
charge for an Rjp = 100 nm cluster of solid-state density at
Lip = 102 W/em? is very small,

k = 3Qup/47Z pemoR}y ~ 2- 1074,

relative to the charge of the ionic core. Temperature Tep
of cluster heating by the pre-pulse can be estimated by the

formula [15]
Tape 1 ()
p Zip Lo ’
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where pg is the initial target density and 7, is the pre-pulse
collisional absorption coefficient. We obtain Te p ~ 50eV
and gold ion velocity vi = \/ZepTeLp/M ~ 5 10° cm/s
for an Au*? target with a solid-state density at
lLp = 10> W/ecm? and nmp~0.2. Under the action of
Coulomb forces and thermal pressure, the cluster disperses
during a pre-pulse.

An analytical model of the heated charged -cluster
dispersal is constructed in the Appendix. This model
makes it possible to estimate radius Ry(t ) and electron
density ne(tp) at the end of the pre-pulse and to use
these estimates for further modelling of the interaction of
the partially dispersed cluster with the main laser pulse.
Figure 1 shows the dependence of radius Ry and density ne
on pre-pulse duration t , for a gold cluster of radius
Rio = 100nm under the influence of a 102 W/cm 2
pre-pulse at cluster expansion velocity Csqg =5 - 10° cm/s
plotted by formula (A5). Figure 1 demonstrates that
by varying the duration of the pre-pulse, electron density
Ne(tLp) of the cluster can be varied over a wide range
from a characteristic solid-state value of 6 -10*2c¢cm™3 to
transparency threshold ng ~ 10?! cm™3 for radiation with
wavelength 4, ~ 1 um.

Absorption of the main circularly polarized
laser pulse by the cluster

The magnetic field strength [16] generated by the main
pulse depends on intensity | of the main laser pulse,
its duration 7., cluster radius RO(tLp), and absorption
coefficient n, which, in turn, depends on density ne(trp).
Coefficient n of absorption of linearly polarized radiation
by a nanocluster was considered in [10,17-19]. The main
mechanism of absorption of an intense laser pulse by a
cluster is resonant collisionless absorption [17]. Tt is known
that when the electrons of a cluster with density ne(t.p) are
displaced relative to the ionic core, a restoring ambipolar
field arises between the electron shell and the ionic core,
resulting in oscillations of the electron shell relative to
the ionic core under the influence of the electric field of
the laser wave. The vibrational process has a resonant
character, and the amplitude of electron oscillations and
the laser field energy absorbed by the cluster increase
when laser wave frequency @ matches natural frequency
wpe/ V3 (wpe = 4m€™Ne(tLp)/Me is the plasma frequency of
cluster electrons) of oscillations of the spherical electron
shell. Resonance condition @ = wpe/ V/3 can be fulfilled
because the cluster density decrease shown in Fig. 1 starts
already during a laser pre-pulse, and ratio wp/w ~ 10v/Z,
which is valid for solid-state values of electron concentration
under the influence of the pre-pulse, falls down to the
resonance value of wp/w ~ V3. Choosing the right pre-
pulse duration t , and its intensity | p in formulae (AS5),
one can obtain the resonance value of the cluster density
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Figure 1. Dependences of (a) radius Ry (in nm) and (b) density ne (in cm™3) on pre-pulse duration t p (in ps) for an Au*! cluster with
initial radius Rjp = 100 nm under the influence of a pre-pulse with intensity I, = 10> W/em? (Csq = 5 - 10° cm/s).

(dashed horizontal line in Fig. 1,b) for the rectangular
density profile. In [10], the linearized motion equation of
a cluster electron was used to obtain absorption coefficient

I's I — Vei Wpe
Whe/®*=3)2 +Ts" " ° 7 202
(1)
which reaches its maximum value nmn.x at resonance fre-
quency @ = wpe/ V3. The half-width of the frequency
distribution of the absorption coefficient is determined by
frequency vg of electron-ion collisions leading to dissipation
of the energy absorbed by electrons.

Absorption coefficient (1) was obtained using the lin-
earized equations of electron motion under the assumption
that the dimensionless amplitude of the laser field is small:
ag = eEy/mewC <« 1. The generation of superstrong mag-
netic fields requires laser fields of ultrarelativistic strength
(ap > 1) where formula (1) for the absorption coefficient
needs to be modified. At high temperature Te of cluster
electrons during a main pulse, the collision frequency
(vei ~ Tg3/2) decreases rapidly, the collisional absorption
becomes weak, and the resonance in formula (1) is narrow.
It was demonstrated in [17] that for short (several periods)
laser pulses, the time profile of the pulse envelope must
be taken into account in the equation of electron motion.
The field of a real laser pulse wave also has a quadratic
correction to the wave phase: w — w + wt. With finite
pulse duration 7, @ [17]

m (ne(tLp)) = Nmax (

Wpe(0) = 4m€7Ne(tLp) /¥ Me.

Resonance at the laser pulse frequency at a certain cluster
density and laser field strength ay (@ = wpe(ao)/V/3)
should remain, but in the relativistic case an additional
resonance is possible at the doubled laser frequency
(20 = wpe/V/3) with which the ponderomotive pressure

force changes. Depending on the width of the resonance
(et < @, Veit >> ), resonances may appear individually
or merge into one. In addition to the resonant absorp-
tion mechanism, an absorption mechanism similar to the
Brunel [20,21] one, which adds term 79 to the resonant
absorption coefficient, operates for a cluster with a sharp
boundary and a high initial density. With this in mind,
total absorption coefficient of the cluster 7y in the case
of relativistic laser field strengths can be written in the
following form:

Iy
(@%/@® —p)? + Ty

N (Ne(tLp); 1) = no(Nes 1) + Mmax(Nes 1)

Vef f (ne; I )(Upe
20?2 ’

wpe = 47Ne(tLp)e’ /yme, 3 < <12, (2)

Fn:9

Here, the values of 19(Ne; ), max(Ne; 1), and veg ¢ (Ne; 1) are
determined using the standard power-law dependence:

nO,max(ne; I ) = 7’)0,max(nen)al'3 (I n)a“’

Vef f (ne; I ) = Veff (nen)a5 (l n)a(’,

| Ne
= — n - @@ - @0
" 100W/em? o Z-3-102cm—3’
102'em™ < ne < 10%*em™3, 0.1 <1, < 10°,  (3)

where constants 7)), fimax, Vet /@ and exponents of power
a; — ag are determined from numerical simulation data.
Figure 2 shows the data of numerical simulation of the
dependence of the absorption coefficient of an Au™*3° cluster
of radius Ry = 200 nm on its initial ion density nj = ng/Z
(Z=130) and laser intensity |. Figure 2,b confirms
the conservation of the absorption character resonant in
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Figure 2. (a) Cluster absorption coefficient as a function of the initial ion cluster density at | = 10 W/cm? and R = 200nm. (b) Cluster

absorption coefficient as a function of the peak laser pulse intensity at njg = 3 - 102 cm™

modelling. Red lines — formula (3).

cluster density in the ultrarelativistic case (ag~ 85 at
| =102 W/cm?). Red theoretical curves 2 in Fig. 2
correspond to the following power scaling parameters:
no=0.11, u=9, Mmx =04, a12356=0, a =0.13,
and verf/w = 2.5. Significant values of effective collision
frequency veft/w = 2.5 and u =9 correspond to merging
of the ordinary and ponderomotive resonances into one and
to preservation of a single absorption coefficient maximum
over the cluster density in the ultrarelativistic case.

Magnetic field of the cluster

In study [16] the dynamics of the electron shell of a
cluster was examined in detail, and it was shown that the
amplitude of magnetic field H of a single cluster grows
linearly with time within the main laser pulse, reaching its
maximum by the time of its termination:

H(t) N nzaoct
Eo  4re(1+a2)l/2

t e [0;7). (4)

Here, 1y is the absorption coefficient of the main pulse
shown in Fig. 2, while the characteristic radius of electron
orbits in the cluster in (4) is estimated as rg = CRy, where
C ~ 3. A more precise value (2 < C < 5) is determined by
numerical modelling and depends on the laser intensity and
the radius and density of a cluster. In order for electrons
to be retained by the ionic cluster core, charge Q of the
cluster resulting from partial extraction of electrons by the
main laser pulse must satisfy inequality

mec” <\/1+a§—1) < %

(the kinetic energy is lower than the potential energy).
The magnitude of charge Q increases with increasing
laser intensity as \/I and cannot exceed the total charge
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3 and R=200nm. Black dots — numerical

of the ionic cluster core (47R}Zenio/3). As a result,
dimensionless amplitude ao of the laser field must satisfy
condition [4]

When the value of a;, is exceeded, the magnetic field of the
cluster will start to decrease rapidly with increasing a,, since
the ionic core is unable to retain all the electrons absorbing
laser energy in finite orbits. Note that the threshold laser
field differs from the field required for ,,Coulomb explosion®
of the cluster (complete removal of electrons from the
cluster)
aq ~ %ZnioeszA/mecz.

Ratio ay /aq ~ 47°nsR3/31% < 1 at Ry < 1. After termi-
nation of the laser pulse (t > 7;), the magnetic field begins
to decrease with time due to the adiabatic dispersal of the
cluster heated by the main pulse [4]:

H(t) = H(m) (Ro/R(t))’.

R(t) ~ \/Rg + Zmec?(t — 7)2((1 +a3)'/2 = 1/my, t > 7.
(5)

Since s and Ry are determined by pre-pulse parameters,
estimate (4) of the magnetic field of the cluster also depends
on the pre-pulse parameters via the value of electron density
Ne(tLp) (ion density ni(tLp) = Ne(tLp)/Z) at the end of the
pre-pulse.

The red curve in Fig. 3 represents dependence (5)
of magnetic field amplitude H(7) of a cluster with
Rio =200nm on ion density nj(t.p) at the moment of
pre-pulse termination for intensity | = 10*2 W/cm 2 of the
main laser pulse. Figure 3 shows that the density-resonant
nature of the absorption coefficient in Fig. 2 leads to a
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Figure 3. Maximum of the quasi-stationary magnetic field
as a function of the initial ion density m = nNe(tLp)/ZLp of the
cluster at | = 102 W/ecm? and R=200nm. Black dots —
PIC calculation. Red curve — analytical dependence (5) with
absorption coefficient (4).

similar dependence of the magnetic field amplitude. Since
plasma resonance is achieved with the considered laser
intensities at an ion density of 3-10*2cm™3, which is
close to the initial cluster density of 5.9 - 10?2cm™—3, the
radius increase required to reach the resonance density is
small: Ry = Ri((5.9/3)!/3. Effective radius ry = CRy of the
electron orbit in formula (4) remains practically unchanged
in the vicinity of the resonance density, and the density
dependence of the magnetic field practically matches the
density dependence of absorption coefficient (2). Note
that the maximum quasi-stationary magnetic field with
an amplitude of 40 GGs is significantly stronger than the
magnetic field of the laser wave (6.5 GGs) corresponding to
a laser intensity of 10%2 W/cm?.

In order to verify the analytical estimates of the absorp-
tion coefficient and magnetic field and determine scaling
constants max(Ne; 1), vert(Ne;l), we performed 3D PIC
modelling (code EPOCH [13]) of dispersal of Aut3®
clusters with radii of 50, 100, and 200 nm irradiated with
a 10fs circularly polarized laser pulse in the intensity range
from 10% to 10%2 W/cm? propagating along axis X. The
cluster was located in the center of the simulation box:
X =Yy =z = 0. The dimensions of the simulation box were
4 x4 x4um. It was divided into 400 x 400 x 400 cells
along axes X,y, and z, and the maximum number of
particles per cell was 200 for electrons and 40 for ions.
Cluster expansion under the influence of the pre-pulse was
accounted for by the initial value of the ion density of the
cluster, which varied from 6-10*2cm ~3 (no pre-pulse,
solid-state density of the target) to IFx154xcm —3 (cluster
dispersed during the pre-pulse).

Figure 3 shows the dependence of magnitude (in simula-
tion space and time) of the quasi-stationary magnetic field

on the initial ion density of the cluster at | = 10?> W/cm?
and Rgj = 200nm. The obtained simulation results reveal
the presence of an optimum of the ion density with respect
to the maximum value of the generated magnetic field.
Optimum density n¥ ~ 3 - 102 cm~> (at a laser intensity of
10?2 W/cm?) corresponds to plasma frequency

Wpe = 4nZny' e’ /me(1 + ag)'/?

of cluster electrons that falls within the 3w? < wp, < 120?
resonance interval of the electric field and ponderomotive
pressure forces. A combination of the absorption peaks
of conventional and ponderomotive resonances is the broad
peak of Fig. 3.

Since the plasma frequency in resonant absorption coef-
ficient (2) depends on ratio Ne(tip)/ao ~ Ne(tLp)/V/1, the
magnetic field amplitude depends in similar ways both on
density and on laser intensity. The latter dependence is
plotted in Fig. 4 in accordance with formula (4) for a
fixed cluster density of 6-10*2cm™> and cluster radii of
50 (blue curve) and 200nm (red curve). Vertical dashed
lines show the threshold intensities corresponding to the
cluster radii (corresponding to amplitude ai ) above which
formula (4) becomes inapplicable. Black and green dots
show the PIC modelling data. Magnetic fields with strengths
in the tens of GGs in Figs. 3 and 4 lead to magnetization
and an increased ion density in the inner area of the cluster.
Figure 5 shows the ion density distribution for a 200 nm
cluster with density n; = 6 - 10?2 cm —3 at a laser intensity
of 1022 W/cm? when, according to Fig. 4, a magnetic field
with a maximum amplitude of ~ 15GGs is generated. A
spindle-shaped region, where the ion density reaches a value
of 2- 102 cm™3 at an initial density of 6 - 10?2 cm™3, is seen
at the center of the cluster with a radius of 200 nm. This
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Figure 4. Maximum magnetic field (5) as a function of
the intensity of the main laser pulse at R =200nm (red line)
and R=50nm (blue line). Density nj = 6-10*cm™>. Black
circles — PIC calculation for a radius of 200 nm; green circles —
for 50 nm. Vertical dashed lines show the thresholds corresponding
to limiting amplitude ay of clusters with radii of 50 and 200 nm.
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Figure 5. Ton density in the xy plane (laser radiation propagates
along axis x) and the diametral section (z = 0) of the cluster
at the end of the laser pulse at R =200nm, nj =6 - 102 cm—3,
| =10 W/em’.

increase in density is explained by magnetic compression of
the central area of the cluster.

Thus, the numerical simulation confirms theoretical esti-
mates of high cluster absorption. When constants of the
analytical model are calibrated against numerical data, the
model agrees well with the numerical dependences of the
magnetic field amplitude on the parameters of the cluster
and the laser pulse.

To verify the correctness of using a rectangular cluster
density profile, magnetic field amplitude modelling was
carried out for a cluster with a trapezoidal ion density
profile:

k]

M”_{M%—Uﬂ Ry—L<r <Ry
' ni, 0<r<Ry—L
(see Fig. 6). It follows from Fig. 6 that for resonance ion
density nj = 3 -10*2cm™3, blurring of the cluster bound-
aries reduces the absorption coefficient and magnetic field
strength, since the resonance condition is not satisfied in the
emerging regions of lower density. However, as the behavior
of the black curve in Fig. 6 suggests, inhomogeneity scale L
must be greater than one half of the initial cluster radius
for the reduction effect to manifest itself. At L < 0.3R), the
spatial inhomogeneity of density does not noticeably affect
the magnetic field magnitude even in the resonant case.
At a contrast of 10'” (a pre-pulse intensity of 10'> W/cm?
with a main pulse intensity of 10?2 W/cm?), this scale of
inhomogeneity in hydrodynamic modelling is found at a
pre-pulse duration of ~ 10 ps. In the absence of resonance
(blue curve in Fig. 6), the influence of the density gradient
on the magnitude of the magnetic field is practically zero
up to L ~ Rp. An analytical estimate of the dependence
of the absorption coefficient and the magnetic field on the
scale of inhomogeneity can be derived from formula (2) if
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Figure 6. Quasi-stationary magnetic field as a function of the
scale of inhomogeneity of the trapezoidal cluster density profile.
The number of particles is constant and corresponds to the
number of particles for the rectangular profile at Ry = 200 nm,
the black curve corresponds to nj = 3 - 102 cm ~3, and the blue
curve corresponds to n = 6 - 1022 cm ™. The red lines correspond
to analytical model (5), (7). | = 102 W/em?,

the plasma frequency of electrons becomes a function of r,
wpe — wpe(r'). Averaging over r according to the formula

Ro

) =Ry" [

0

ns(r)dr,

one may then obtain an analytical dependence of the
absorption coefficient on the scale of inhomogeneity of the
ion density:

Mz (Ne(tLp); 15 L)) ~ no(nes 1) + (1 — L/Ro)Mmax(Nes 1)

Vef f (ne;l)wpe
QettA e /pe
2w?

3La)vé{% (ng; 1)

(@3e/@? — p)? + 9¥erleom —\/ORyepl’
\/5(1) (1)2 CL)2 — 2
X |arctg 1/(2 pe/ 1:) + arctg% .
3veit (Nes I wpe 3vgtt (Nes 1) wpe

(6)

Formula (4) with absorption coefficient (6) allows us to
construct the analytical dependence of the magnetic field
amplitude on the scale of inhomogeneity, which is shown in
Fig. 6 with red lines for a resonant density of 3 - 10> cm—3
and an above-resonant density of 6 - 10*2 cm 3. Comparison
of the resonant and non-resonant density values in Fig. 6
shows that the absorption at a cluster density higher than the
resonant density cannot be increased noticeably by blurring
the boundary and obtaining a local resonant density value:
this local area is too small compared to the full volume of
the cluster.

Summarizing the numerical and analytical simulations,
one may note that, according to (4), it is necessary to
increase laser field strength a¢ and absorption coefficient 7y
in order to achieve the maximum magnetic field amplitude.
For a given cluster radius in formula (4), there is a limit
(ayr) to the growth of intensity ap of the laser field and
duration 7 of the laser pulse (characteristic radius rg
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of electron orbits should not change appreciably within
the pulse duration). Putting these requirements together,
we obtain estimates of the optimal target parameters for
generation of superstrong magnetic fields with account for
the contrast of an intense laser pulse:

nee 07 C\1.37- 108 W(um2/ecm?) )
tip) [27Re\°
| > 10'8 2 ~ Ne(tup
> 10"° W/cm ap ~ 1y —9ncr - )

cnL m 1/2
Ro(tip) ~ 4(Zmeao> ,a>1, L<03Ry. (7)
A comparison of the Ist and 2nd lines of condi-
tions (7) shows that there exists an optimal cluster radius
R ~ ny 32 /2. For the maximum value of the absorption
coefficient (in Fig. 2,a) and a wavelength of 1um, the
optimal radius is Rj ~ 200nm. To obtain optimal cluster
density Ne(tLp) =~ 9agncr, duration t_p of the pre-pulse and
its intensity | p in condition (7) must satisfy the following
relation:

122 1/2
(1.37 - 1018 W(ymz/cm2)>

x (1 +6<—"LP'LP)2/3tE_P)3/2 ~ Zlho, (8)
£0 Rizo one;

It can also be noted that the resonance density and an
increased field amplitude are obtained not only by reducing
the density due to the pre-pulse, but also by artificially
reducing the density of (porous) matter and setting the

maximum degree of ionization of cluster atoms. This will
be the subject of future study.

Conclusion

In the present work, the effect of a laser pre-pulse on
the generation of a quasi-stationary magnetic field with its
strength up to several tens of GGs existing in the focal waist
of an ultrahigh-power short laser pulse was considered.
The effect of a high-contrast pre-pulse (not accompanied
by a significant change in cluster density) is negligible.
Lowering of the contrast (increase in the intensity and
duration of the pre-pulse) leads to cluster expansion, a
decrease in its density, and the emergence of resonance
between the plasma frequency of cluster electrons and the
laser frequency. Resonance leads to a significant (several-
fold) increase in absorption of the angular momentum of
circularly polarized laser radiation and, consequently, to an
increase in the angular momentum, magnetic moment, and
magnetic field generated by rotating electrons of the cluster.
The magnetic field increases several times compared to a
cluster of a solid-state density and reaches an amplitude of
tens of GGs at a laser intensity of 10?2 W/cm?, which is

0 | | | |
0 2 4 6 8 10

fip \N2Wim;/R;q

Figure 7. Dependence of dimensionless cluster radius Ry/Rip on
dimensionless pre-pulse duration tip/2W/m /Rio plotted using ex-
act formula (A2) — blue, red, and green curves for ¢ = 0, 0.5, 1.
The same dependence plotted using approximation (A5) — lilac,
brown, and blue curves for ¢ = 0, 0.5, 1.

several times higher than the laser field amplitude. Thus,
at given laser pulse parameters, there is an optimal density
for generation of the magnetic field of maximum amplitude.
This density may be achieved by adjusting the intensity and
duration (contrast) of the pre-pulse. A density gradient with
a scale smaller than ~ 30% of the cluster radius does not
affect the magnetic field amplitude.
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Appendix

The law of conservation of energy (integral of the
equation of motion of an ion at the outer boundary of the
cluster) under the action of thermal and Coulomb forces is
as follows:

m (dRy\* | 3ZipTap(l — KRG,
2\ dt R3

z z
+ ngeQ = 320 Tap(1 — k) + 229
0 i0

(A1)
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In [19], the interaction energy of the ion with the formed
electron shell of a cluster is also introduced into (Al),
yielding an additional term Q(R3 — R?%))/R3 in the left-
hand part of (Al). In the present case, because of the
smallness of k and the Debye radius of electrons with
temperature T p, the influence of electrons is accounted
for by the thermal (~ Tep) term in (Al). The parametric
solution of Eq. (A1) has the form

R(&) = Rio(e/2+ (1 —&/2) ch&), & € [0;00],

Rio

t(é) = NeI

(1 —e/2)shé + €£/2),

Ze
W =37 pTep(l — k) + R—Q e =ZeQ/WRjp. (A2)
i0
Parameter 0 < ¢ < 1 in (A2) characterizes the relationship
between Coulomb and thermal forces that accelerate the
outer boundary of the cluster. When thermal forces (e = 0)
are dominant, it follows from (A2) that

Ry = /R + ¢t s = \/6Z|_pTe|_p(1 —Kk)/m,

3Tep(1 — k) > €Q/Rio. (A3)

When Coulomb forces (¢ =1 in (A2)) predominate, it
follows from (A2) that

R(£) = Rigch? &,

R3
olé) = | ety (26 + sh(28)). & € 000

3Te|_p(1 — k) < eQ/Rio. (A4)

For practical estimates of the dependence of the clus-
ter radius on the duration of the pre-pulse within the
Rio < R) < 10Rjo interval, it is convenient to use a simple
approximation of parametric dependence (A2):

Ro(tip) ~ \/RE +2(1 — 0.3e)WeZ,/m,

Ro \’

ne(tLp) = Z|_pﬂ,0<m) . (AS)
Figure 7 shows a comparison of the dependencies
of dimensionless radius Ry/Rijp on dimensionless pre-
pulse duration t py/2W/m/Rjo plotted using exact for-
mula (A2) (blue, red, and green curves for ¢ =0, 0.5, 1)
and approximation (AS5) (lilac, brown, and blue curves
for € =0,0.5,1). The accuracy of approximation (A5) is
sufficient to estimate the rate of cluster dispersal under the
influence of the pre-pulse in the Rjp < Ry < 5Rjo radius

interval considered in this paper.
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