
Quantum Electronics  52 (2)  195 – 201  (2022)	 © 2022  Kvantovaya Elektronika and IOP Publishing Limited

Abstract.  An analytical model is developed for the generation of 
synchrotron radiation from a laser cluster plasma in the focal waist 
of an ultra-intense short circularly polarised laser pulse. The rota-
tion of relativistic electrons around the ionised core of the cluster 
with a radius of rotation smaller than the laser wavelength leads to 
intense synchrotron radiation in the direction transverse to the laser 
wave vector. The parameters of the cluster plasma and laser pulse 
are determined at which, due to the small radius of curvature of the 
electron trajectory of the cluster shell, the intensity of synchrotron 
radiation exceeds the intensity of betatron radiation of the electron 
flux in the longitudinal (along the wave vector) direction.

Keywords: cluster plasma, circularly polarised radiation, relativis-
tic intensity.

1. Introduction

In our previous papers [1 – 4], we developed a theory of gen-
eration of ultra-intense magnetic fields and giant magnetic 
moments, based on electron inertia in cluster gas targets irra-
diated by an ultra-intense short circularly polarised laser 
pulse of relativistic intensity. A toroidal long-lived relativistic 
electric current in the shells of clusters generates synchrotron 
radiation, the parameters of which were not estimated in the 
above studies, since the synchrotron energy losses of electrons 
in the considered range of laser intensities are small compared 
to other energy losses. At the same time, a cluster gas target 
generates secondary hard radiation through several (in addi-
tion to synchrotron) physical mechanisms. Thus, in addition 
to hot electrons localised on clusters, the gas target produces 
an electron flux propagating in the plasma channel formed in 
the focal waist of the laser pulse. A flux of such fast electrons 
from a transparent background plasma generates betatron 
radiation due to the oscillations of electrons in the electro-
static field of the plasma channel. This radiation has been 
considered in a large number of works (see, for example, 
papers [5, 6] and references therein); it has a high intensity and 
directivity (along the wave vector of the laser wave). The 

addition of clusters with a radius of several nanometres to the 
gas target (the field strength of the ion core for such clusters is 
lower than the laser field strength) serves as an additional 
source of electrons and an additional channel for their scat-
tering, increasing the betatron radiation intensity by two to 
three orders of magnitude compared to a gas target without 
clusters [7]. The clusters of larger radii (tens and hundreds of 
nanometres) considered in this work, the electrostatic poten-
tial of which is sufficient to confine the electron shell rotating 
in a circularly polarised laser field, are also an additional 
channel for electron beam scattering, and increase the beta-
tron radiation intensity.

Apart from synchrotron and betatron radiation mecha-
nisms, bremsstrahlung is generated in the laser plasma, the 
parameters of which are determined by the density and tem-
perature of hot electrons. Note that bremsstrahlung is a pro-
cess of a higher order of smallness in the electron charge and 
dominates over synchrotron and betatron radiation only in 
those spectral ranges where these radiations are suppressed. 
This is where the question arises: Which of the secondary 
radiation channels dominates (has the highest radiation 
energy) and what are the conditions for the prevalence of the 
previously unexplored synchrotron channel over the other 
channels? This work is devoted to calculating the intensity 
of synchrotron radiation from a cluster laser plasma and 
finding the conditions (parameters of clusters and laser 
pulses) under which the synchrotron radiation channel dom-
inates.

Note that the synchrotron and other radiation channels 
have different (across and along the wave vector of the laser 
wave) angular directivity; therefore, the synchrotron channel 
can be distinguished against the background of the others 
even at a low radiation intensity of this channel. Due to the 
small radius of curvature of the trajectory of an electron in the 
cluster shell as compared to the radius of curvature of the tra-
jectory of an electron performing betatron oscillations, the 
intensity of synchrotron radiation exceeds the intensity of 
betatron radiation for a single particle. However, the ratio 
between the number of electrons localised near the clusters 
and the number of electrons propagating in the direction of 
the laser pulse, as well as their characteristic energies, depend 
on the parameters of the gas cluster target and the laser pulse; 
therefore, depending on the conditions, any of the three chan-
nels listed above may dominate. In addition, any of the chan-
nels of secondary hard radiation under our conditions is inco-
herent in the number of emitting electrons [8], which contra-
dicts the results of [9]; therefore, synchrotron radiation of the 
cluster shell is described by the standard theory of synchro-
tron radiation [10].
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2. Dynamics of cluster electrons 
and intensity of secondary radiation

When a spherical cluster is irradiated by a circularly polarised 
field, there arises an orbital relativistic electron current, which 
exists during the entire lifetime (expansion) of the cluster 
(Fig.  1). Secondary radiation is generated by rotating elec-
trons both during the action of a laser pulse of duration tL 
(incoherent scattering of the laser field EL) and after the ter-
mination of the pulse due to electron inertia (motion of elec-
trons in quasi-stationary electric and magnetic fields of the 
cluster). The radiation energy is determined by the square of 
the external field strength (magnetic HQ or electric EQ) and 
the time of its action on the electron [10]. Consequently, if the 
eigenfields HQ and EQ of the cluster and its lifetime tcl are 
such that ( )H E clQ Q

2 2 t+  > EL L
2t , then the main contribution to 

the secondary radiation is made by the inertia of electrons. In 
this paper, we consider this case. According to PIC calcula-
tions [11], the ratio HQ/EQ can exceed unity and increases 
with increasing laser intensity; therefore, relativistic electrons 
emit mainly due to the magnetic field of the cluster. We will 
call such radiation synchrotron radiation. In the absence of a 
quasi-stationary magnetic field (for example, in the case of a 
linearly polarised laser field incident on the cluster), the emis-
sion of cluster electrons occurs in the quasi-stationary electric 
field EQ of the ionic core of the cluster. This radiation will be 
called betatron radiation. When HQ » EQ, we will use the 
term secondary radiation.

Let us consider the dynamics of an electron in quasi-sta-
tionary electric and magnetic fields of a cluster with an initial 
radius R0 and in the field of circularly polarised laser radia-
tion E(x, t) = ELcos(kx – wt)ey + ELsin(kx – wt)ez with an 
intensity I = cEL

2 /4p and a pulse duration tL (i.e., on the time 
interval 0 < t < tL). The vector potential of such a wave has 
the form

А(x, t) = (E0/k)[sin(kx – wt)ey – cos(kx – wt)ez].	 (1)

The Lagrange function of a shell electron in the electro-
magnetic fields of a cluster and a laser pulse in a cylindrical 
coordinate system with the x axis directed along the axis of a 
circularly polarised laser beam has the form:
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where me is the electron mass; 1/ ;1 2g b= - ( )c x r2 2 2b = + +o o  
( ) ;r 2ao  and e < 0 is the electron charge.
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where R0 £ (r2 + x2)1/2 £ p, corresponds to the electric field of 
the ionic core with radius R0 and the electron shell with radius 
p and vanishes (screening) at r2 + x2 = p2. The angular com-
ponent of the vector potential of a quasi-stationary magnetic 
field for a uniform spherical layer rotating with an angular 
velocity ao  and having a charge Q has the form
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(3)

The electron cluster radius p (the radius corresponding to the 
critical electron density ncr) differs from the initial cluster 
radius R0 by several times. Indeed, let the laser pulse heat all 
the electrons of the cluster (which is an upper estimate for p, 
since the skin-layer length ls is less than R0). Then, at an initial 
electron density of a cluster equal to ~100 ncr, the value of 
p is assessed as p » R(100)1/3 » 4.6R. Thus, R0 < p < 4.6R0, 
and for subsequent estimates one can choose p  » (3 – 4)R0 
according to the best fit between the model and numerical 
calculation. The laser energy absorbed by the cluster is Eabs » 
hIpp2tL. The absorption coefficient h of a cluster laser target 
has been investigated in many works (see, for example, 
[12 – 14]). In particular, Gozhev et al. [12] obtained an esti-
mate formula for h as a function of the laser intensity; for 
I ® ¥ this formula has a limit h ® h0 = 1/3. However, esti-
mates based on the formulae from [13, 14] give a higher 
absorption coefficient; therefore, in what follows we will con-
sider h0 Î [0.3, 0.5], and the dependence of the cluster absorp-
tion coefficient on the laser intensity will be taken from [12]. 
The energy absorbed by the cluster is related to the absorbed 
total mechanical moment by the ratio Jabs = Eabs/w. From this 
we obtain Jabs = hIpp2tL/w. When an electron rotates with an 
angular velocity w along a circle of radius p, its characteristic 
mechanical moment is M = gme p2w. The ratio Jabs/M is an 
estimate of the number of electrons in the cluster shell, 
Ne » hIptL/( gme w2), and the charge of the ionic core of the 
cluster, Q = eNe, introduced in (2), (3). m The Lorentz factor 
of an electron is also estimated from the characteristic energy 
of the transverse motion of an electron in the wave field: g » 

a1 2+ , where a = / . W m cmI 1 37 102 18 2 2# ml -  is the nor-
malised vector potential. Thus, the parameters p and Q intro-
duced into the Lagrange function are determined by the laser 
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Figure 1.  Scheme of generation of synchrotron radiation from the ro-
tating electron shell of the cluster.
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pulse parameters, the absorption coefficient, and the initial 
radius of the cluster.

The equation of motion of an electron along the angle a 
(the equation for the angular momentum of an electron) takes 
the form

( )
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The radial equation of motion of an electron
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shows that the radial motion occurs under the action of the 
centrifugal force  ,m re

2g ao  the force of the Coulomb interac-
tion with the ionic core, reduced by the value of the Lorentz 
force of the quasi-stationary magnetic field [these two forces 
correspond to the second term on the right-hand side of (5)], 
and the force acting from the side of the laser wave [(the last 
term in (5)]. The equation of motion of an electron in the lon-
gitudinal (along the x axis) direction, as well as equations (4) 
and (5), follows from expression (2):
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Equations (4) – (6) can be solved numerically and the laws of 
motion a(t), r(t), x(t) can be found both during the action of 
the laser pulse and after its termination (EL = 0, t > tL). In 
solving the equations, one needs to introduce the initial veloc-
ity (chosen to be zero) and the initial coordinates r0 = (r0, a0, x0) 
of the electron, belonging to the intervals 0 £ a0 < 2p and 
R0
2  £ x r0

2
0
2+  £ p2. In subsequent calculations of the radia-

tion energy over the initial coordinates, an averaging is car-
ried out corresponding to the uniform filling of the cluster 
shell with electrons. Accordingly, the initial distribution func-
tion of electrons over coordinates has the form

f(x0, a0, r0) = 3NeQ ( )x r R0
2

0
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where Q(x) is the Heaviside step function.
In addition to the numerical solution, it is possible to con-

struct an approximate solution of the equations of dynamics 
by the averaging method. If equation (5) is averaged over sev-
eral laser field cycles [which corresponds to the search for a 
solution in the form r(t) = árñ + dr(t), ao (t) = á ao ñ + dao (t), 
x(t) = áxñ + dx(t)], then the average values of the total deriva-

tive on the left-hand side of (5) and the force acting from the 
laser field will vanish and the time-averaged radial motion 
will be determined by the compensation of the centrifugal and 
‘Coulomb’ forces acting on an electron:
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Since the rotation of an electron is caused by the action of a 
circularly polarised wave and the magnetic field of the cluster, 
the average value is á ao ñ » – w » – wH = – eНQ/(gmec) [the 
minus sign appeared because the direction of rotation of the 
wave electric field vector E = E0cos(kx – wt)ey + E0sin(kx – 
wt)ez corresponds to rotation from the z axis to the y axis, 
which is opposite to the direction of increasing the angle a 
because it is measured from the y axis to the z axis]. The quan-
tity árñ, up to a numerical factor of the order of unity, coin-
cides with the previously introduced electron radius of the 
cluster: árñ » p. Thus, r(t) » p, a(t) » – wHt. Finding the solu-
tion to Eqn (6) in the form x(t) = áxñ + dx(t), we can write the 
equation for áxñ corresponding to the equality of the force of 
the ponderomotive pressure of the laser wave to the force of 
the quasi-stationary electric field incident on the electron in 
the longitudinal direction:
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In the weak-field approximation (eEL/(mewc) << 1), we have 
áxñ » 0, which corresponds to the minimum of the electro-
static potential energy at the centre of the ionic core. Note 
that Eqn (8) corresponds to the condition for a minimum of 
the effective longitudinal potential energy of an electron

Ueff(x) = – epkAa( p, x) + ej( p, x) + eEL pcos(kx)

	 » epk2Q/5 + eEL p – ek2x2Q

	 ´ [0.3 + k–2p–2 + eEL p2/(2Q)]/p,

coinciding with the energy of the harmonic oscillator (for 
e < 0). The oscillating addition dx(t) satisfies the equation of 
oscillations of a relativistic harmonic oscillator:
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Thus, the motion of an electron in a cluster is the rotation 
of an electron in the transverse plane yz and its simultaneous 
vibration along the x axis relative to the value of áxñ with a 
frequency
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In the case of a finite motion of a cluster electron, its potential 
energy eQ/p is of the order of the kinetic energy gmec2 and 
Wx  » w. This character of the motion is confirmed by the 
numerical PIC simulation performed in [2], where the trajec-
tories of the electron are presented. Obviously, the approxi-
mate solution corresponds to the consideration of an ‘aver-
aged’ electron, i.e., to the same laws of motion for all elec-
trons in the cluster shell. The radiation energy calculated for 
one such particle must be multiplied by the number of elec-
trons Ne to estimate the radiation intensity of the entire clus-
ter shell. The laws of electron motion a(t, r0), r(t, r0), x(t, r0) 
found from Eqns (4) – (6) make it possible to calculate the sec-
ondary radiation energy of cluster electrons in its quasi-sta-
tionary electric and magnetic fields [10]:
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Note that the secondary radiation of electrons in the clus-
ter shell is incoherent in the number of electrons [  f µ Ne in 
(10)] due to the assumed uniform filling of the cluster shell 
with electrons. For the manifestation of coherence in the clus-
ter shell, there must be electron bunches (density inhomoge-
neities) with a spatial size of the order of the wavelength of the 
secondary radiation. For the energies of secondary quanta 
from units to tens of keV, these are sizes from tenths to hun-
dredths of a nanometre. The issue of the existence of such 
bunches requires additional study and will be considered else-
where. We only note that the rotation of bunches in the shell 
of the cluster during a laser pulse will cause the appearance of 
coherent pulses of zeptosecond duration (~w–1g–3). In this 
paper, we consider the time interval after the termination of a 
short pulse, when the fluctuations of the electron density of 
the cluster shell caused by the laser field should be smoothed 
out. Formula (10) is written for a constant value of the char-
acteristic radius p of the electron orbit without taking into 
account the expansion of the ionic core of the cluster. If we 
take it into account, it is necessary to make the replacement

p ® p(t) » p + ct ( ) / ( )Zm Am1e pg- ,

where Z and A are the charge and atomic number of the clus-
ter ion, and mp is the proton mass. Accordingly, the charac-
teristic lifetime of the cluster is

tcl » p/ ( ) / ( )c Zm Am1e pg-7 A.

For heavy clusters (Au, Xe) with a radius of hundreds of 
nanometres, the value of tcl turns out to be of the order of 
hundreds of femtoseconds. In formula (10), the expansion of 
the cluster is taken into account by introducing a finite inter-
val of integration over time (~tcl), which is equivalent to the 
replacement p ® p(t). The distribution of electrons over the 
initial coordinates and the equations of electron motion 
(4) – (6) in the quasi-stationary fields of the cluster do not take 
into account the inverse effect of synchrotron radiation on the 
cluster dynamics; therefore, eb << Nemec2(g – 1).

The integrals in (10) can be calculated by numerical meth-
ods or approximately (by the mean value theorem). In the lat-
ter case, we obtain an obvious estimate of the secondary radi-
ation energy of the cluster in order of magnitude:
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The energy of secondary radiation quanta using formula 
(11) can be estimated for I = 5.6 ́  1020  W  cm–2, tL  = 6  fs, 
Au+30 cluster with a radius of 100  nm, using the results of 
numerical simulation of laser cluster plasma from [11]. In this 
case, the cluster’s magnetic field exceeds the electric one, 
HQ  >  EQ, and the radiation is synchrotron radiation. For 
the  selected parameters, the number of shell electrons is 
Ne » hIptL/(gmew2) » 8 ́  108, the magnetic field is HQ » 
Qw/(2cp) » 15 kT, and the electron gyrofrequency is wH = 
eHQ/(gmec) » 8 ́  1014 s–1. The maximum of the synchrotron 
radiation spectrum falls on the quantum energy

m c
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h t
= =  » 1.8 keV.	 (12)

The spectrum itself has a form standard for synchrotron radi-
ation [10]. At quantum energies exceeding e (12), the spec-
trum exponentially decays to the level of the bremsstrahlung 
background (Bethe – Heitler radiation caused by scattering of 
electrons by cluster ions). The estimate of the total energy 
emitted by the cluster by formula (11) yields 
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The number of quanta is
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The laser pulse energy eLp absorbed by the shell at the absorp-
tion coefficient h0 = 0.5 will be hItLpp2 = ItLp(4R0)2 = 
5 ́  104 erg. Accordingly, the conversion coefficient, defined 
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as the ratio of the synchrotron radiation energy to the laser 
energy absorbed by the cluster, is estimated by the formula
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k e
e h t

= =
b

 » 10–3.	 (15)

The angular energy (intensity) distribution of synchrotron 
radiation of the cluster is a ‘disk’ in the direction transverse to 
the wave vector of the laser wave with a characteristic angle of 
emission of a quantum q » g–1 » 5° relative to the disk plane. 
Note that the upper bound for the total energy of bremsstrah-
lung (Bethe – Heitler) radiation has the form eBH » Ne(4/137) ́  
Z2ctclni[e4/(mec2)](g – 1)(ln2g – 1/3), where ni » 6 ́  1022 cm–3 
is the characteristic density of cluster ions. Even with such an 
overestimated estimate (when all hot electrons move in a 
medium with a density ni, which is not true for a cluster), 
eBH  » 10–2eb; therefore, the bremsstrahlung channel mani-
fests itself only in the range of quantum energies e >> wHg3. 
Estimates (12) – (15) did not take into account the electric 
field of the cluster, EQ ≈ Q/p2, which is responsible for the 
longitudinal vibrations of the electron along the x axis. Let us 
show that this approximation is justified for the used param-
eters of the cluster and laser pulse. Estimates by the above 
formulae (for p = 4R0) yield
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(16)

These values are confirmed by the data of PIC simulation of 
the cluster fields [1, 2]. Thus, the contribution of the magnetic 
field to the energy of secondary radiation (11) is (0.56/0.16)2 
» 12 times greater than the contribution of the electric field of 
the cluster, and the main part of the secondary radiation is 
synchrotron radiation, which is generated in the transverse 
direction, while the energy of the betatron radiation is an 
order of magnitude less in the longitudinal direction.

Formulae (12) – (15) estimate the parameters of the sec-
ondary radiation generated after the termination of the laser 
pulse. During the action of the laser pulse, the laser fields 
have the highest strengths, but due to the short (6 fs) laser 
pulse duration compared to the cluster lifetime tcl » 120 fs, 
the ratio / ( )H Ecl L LQ

2 2t t  » 5. Accordingly, the main contribu-
tion to the energy of the secondary radiation is made by syn-
chrotron radiation of electrons after the termination of the 
laser pulse. Note that in the case of linear polarisation of the 
laser pulse, only betatron radiation remains in the electric 
field EQ of the cluster. Estimation formulae (12) – (15) contain 
simple power-law dependences of the characteristics of the 
secondary radiation on the intensity of the laser pulse and its 
duration tL, which makes it possible to construct the corre-
sponding linear dependences on a doubly logarithmic scale. 
The conversion coefficient (15) and the characteristic quan-
tum energy (12) for an Au+30 cluster with a radius of 50 nm 
irradiated with an 8-fs pulse (for h0 = 0.3) as functions of the 
laser intensity in the range 1019 – 1021  W  cm–2 are shown in 
Fig. 2. At high intensities and durations of a laser pulse, it is 
possible to achieve a conversion coefficient k ® h0, which 
means that it is necessary to take into account radiation losses 
when deriving the law of motion of an electron. Power-law 
expressions (12) – (15) have a sharp dependence (large expo-

nents) on a and tL, but the maximum values of these laser 
parameters are limited by the conditions tL < tcl (the cluster 
should not have time to fly apart during the laser pulse action) 
and a a £ ath = 2Ze2niR0l/(3mec2). The threshold value ath of 
the dimensionless laser field amplitude corresponds to the 
Coulomb explosion of the cluster (the detachment of all elec-
trons by the laser field and the disappearance of the synchro-
tron channel of the secondary radiation). For the cluster in 
Fig. 2, the threshold ath corresponds to an intensity of 
4 ́  1021 W cm–2.

Note that in a real experimental situation, in addition to 
the presence of many (rather than a single) clusters, the space 
between the clusters is filled with transparent plasma (due to 
ionisation of the gas jet transporting the clusters to the focal 
region of the laser pulse). At a sufficiently high (new = 
1019 – 1020  cm–3) electron density of such a background 
plasma, it is possible to generate a wake plasma wave by a 
laser pulse and to accelerate electrons of a transparent plasma 
by this wave. In this case, betatron radiation of background 
plasma electrons directed along the wave vector of the laser 
wave [5, 6] arises in addition to the emission of cluster elec-
trons in the transverse (due to the magnetic field HQ) and lon-
gitudinal (due to the electric field EQ) directions. The acceler-
ation of background plasma electrons in a plasma wave 
weakly depends on the polarisation of the laser pulse and 
takes place for a circularly polarised pulse [15, 16]. To assess 
such an experimental situation, it is necessary to take into 
account the cluster density ncl and the background plasma 
density between new clusters. The characteristic energy of an 
electron accelerated by a plasma wave is gw » 2aw2/(3 pw

2w ) 
[17], where wpw is the plasma frequency corresponding to the 
electron density new. The characteristic value of the radius of 
curvature of the trajectory of an electron during betatron 
oscillations is ~ / .c pww  The energy of betatron radiation of 
electrons of a transparent plasma is estimated by formula 
(11), which will include pw

2w  instead of the square of the cyclo-
tron frequency / ( )e H m ceH Q

2 2 2 2 2 2w g= . There is no analytical 
formula for the total number New of electrons trapped in the 
plasma channel and accelerated by the plasma wave; how-
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Figure 2.  (Colour online) Coefficient of conversion of the laser energy 
absorbed by the cluster into the energy of synchrotron radiation (black 
curve and left ordinate) and the characteristic energy of a synchrotron 
radiation quantum (blue curve and right ordinate) as functions of laser 
intensity for an Au+30 cluster with a radius of 50 nm irradiated with a 
8 fs pulse. The limiting absorption coefficient is h0 = 0.3.



	 A.A. Andreev, K.Yu. Platonov200

ever, in [18], a PIC simulation of the total charge eNew 
of  accelerated electrons was performed in a wide range of 
laser intensities and background plasma densities. Based on 
the data of this work, we define the following power-law 
dependence: New » 5 ́  108a1.3(new/ncr)–0.03, where (new/ncr) Î 
[0.02; 1], and a Î [3; 70]. The characteristic time of betatron 
radiation is the time of flight through the focal volume 
(Rayleigh length) tw » rL

2w /c2, where rL is the laser beam 
radius. The characteristic quantum energy of betatron radia-
tion is pw w

3'w g . As a result of the above, the energy of beta-
tron radiation of electrons of transparent plasma can be esti-
mated by the formula

ew » New

2
.c

e
3

2
w pw

w

2
4

t w
g 	 (17)

The ratio of the energies of synchrotron radiation of all clus-
ters (the number of clusters nclV ) in the focal volume V = 

/r cL
4pw  to the energy of betatron radiation of electrons of 

transparent plasma is expressed as

n V
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.	 (18)

Note that the addition of clusters to the focal volume of a 
transparent plasma can change the energy of betatron radia-
tion of electrons in this plasma. Thus, it was shown in [7] that 
clusters with a radius of several nanometres are (due to the 
Coulomb explosion) an additional source of electrons and 
additional scatterers of the electron beam, which increases 
estimate (17) by two to three orders of magnitude. In this 
work, we consider clusters with a radius of tens and hundreds 
of nanometres, the density of which is lower and for which 
there is no Coulomb explosion. A cluster plasma in the field 
of a circularly polarised laser pulse has an average longitudi-
nal quasi-stationary magnetic field [3], which also affects the 
betatron radiation of an electron beam in a transparent 
plasma. It was shown in Ref. [16] that an external magnetic 
field opposite to the wave vector increases the energy of beta-
tron radiation by tens of percent (approximately 1.5 – 2 times). 
In our case, the average magnetic field of the clusters is 
directed along the wave vector and should decrease the energy 
of betatron radiation. Thus, there are two opposite results of 
the effect of clusters on the betatron radiation of a homoge-
neous transparent plasma: on the one hand, clusters serve as 
an additional source of electrons, and on the other, their mag-
netic field suppresses betatron oscillations. We will focus on 
estimate (17) of the betatron radiation energy of electrons of 
a transparent plasma in order of magnitude, considering the 
effect of clusters with a radius of tens or hundreds of microme-
tres to be small or reduced to the appearance of a factor of the 
order of unity.

Let us estimate the parameter m for real and numerical 
experiments and find the parameters of the cluster plasma 
and laser pulse for which  m > 1. Yoo [19] used a laser intensity 
that was too low for clusters, 5 ́  1018 W cm–2, which leads to 
a low (tens of electronvolt) quantum energy of the synchro-
tron radiation, while the electrons accelerated by the plasma 
wave generate quanta with energies in the kilovolt range. In 
work [20], the dimensionless laser field amplitude a = 100 
(I = 1022 W cm–2) exceeds the threshold value ath correspond-
ing to the Coulomb explosion for clusters with a radius of less 
than 100 nm. The most suitable laser parameters for our case 
were used in [21]: an intensity of 1.8 ́  1019 W cm–2, a pulse 

duration of 55 fs, and a beam radius of 16.4 mm. The beam 
propagates in a plasma with a subcritical electron density of 
2.5 ́  1018 cm–3. The quantum energy of betatron radiation is 
14.6  keV, the number of quanta is 1.2 ́  109. For the same 
parameters of a laser pulse and one Au+30 cluster with a radius 
of 50 nm, according to the estimates of this work, we obtain a 
quantum energy of 4.5 keV and 1010 quanta of synchrotron 
radiation. At quantum energies above 14 keV, 3 ́  108 quanta 
will be obtained from one cluster, but up to 103 clusters will 
fit  in the caustic; therefore, the cluster plasma will be more 
efficient in terms of the yield of quanta with an energy of 
14 keV. The conversion coefficient relative to the laser energy 
absorbed by the cluster for quanta with an energy of 4.5 keV 
is 4 ́  10–2, and for quanta with an energy of 14 keV, 1.3 ́  10–3.

Figure 3 shows the dependences of the ratio of energies 
m  on the laser intensity and the number of Au+30 clusters 
50 nm in size, occupying the focal region of a laser pulse with 
a transverse radius of 4  mm (focal volume ~2p2 /rL

4 l  » 5 ́  
103 mm3) and a duration tL = 30 fs. The maximum number of 
clusters that can fit in such a volume is ~2p2 /rL

4 l )/[4p(4R0)3/3] 
» 1.5 ́  105. In the experimental situation, the number of clus-
ters is less than the possible maximum one; therefore, Fig. 3 
shows estimates for 102 and 103 clusters in the focal volume 
and for two limiting values of the absorption coefficient, 
h0  =  0.3 and 0.5 (in this case, the electron densities of the 
background plasma and clusters averaged over the focal vol-
ume are ~1020 and 3 ́  1020 cm–3, respectively). It can be seen 
from Fig. 3 that with an increase in the number of clusters, the 
synchrotron radiation channel begins to prevail ( m > 1). The 
threshold number of clusters in the focal volume at h0 = 0.3 
is ~102. Note that, in this case, the volume-averaged electron 
density is of the order of the background plasma density 
(clusters make a small contribution). However, with the dom-
inance of the synchrotron channel (103 clusters), the average 
electron density exceeds the background one.
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Figure 3.  (Colour online) Dependences of the ratio m of the energies of 
synchrotron and betatron radiation on the laser intensity and the num-
ber of Au+30 clusters with a radius of 50 nm, occupying the focal region 
of a laser pulse with a transverse radius of 4  mm and a duration of 
tL = 30 fs. The blue and lilac curves correspond to 102 clusters in the 
focal region and the limiting absorption coefficients are h0 = 0.3 and 
0.5, respectively; the black and red curves correspond to 103 clusters and 
h0 = 0.3 and 0.5. The background plasma density is 1020 cm–3. The aver-
age electron density (of the background plasma together with clusters) 
for 102 and 103 clusters in the focal volume is 1020 and 3 ́  ́́ 1020 cm–3, 
respectively.
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Thus, there are experimentally realisable ranges of the 
parameters of a gas cluster target and a laser pulse, for which 
the synchrotron channel of radiation of hard quanta is domi-
nant in terms of the total radiation energy. However, it should 
be noted that the angular distributions of the energy of the 
betatron and synchrotron radiation are different. In the case 
of synchrotron radiation, the distribution represents a ‘flat’ 
disk, and in the case of betatron radiation, it is a narrow cone. 
Accordingly, the brightness of radiation (energy in a unit fre-
quency range and in a unit solid angle) differ not by a factor 
of m, but by a factor of ~mgwwpw/(2pwH g2) [the solid angles 
differ by a factor of 2p w

2g /g, and the spectral intervals differ 
by a factor of wH g3/(wpw w

3g )], and the brightness of the beta-
tron radiation can be higher than the brightness of the syn-
chrotron radiation at a lower total energy. In Fig. 3, at an 
intensity I = 1020 W cm–2, we have the following parameters: 
g » 10, gw » 60, wpw/wH » 0.7 and the factor gwwpw/(2pwH g2) 
» 0.1. Consequently, for the red curve in Fig. 3, the spectral-
angular brightness of synchrotron radiation will be greater 
than the brightness of betatron radiation, and for the blue 
and lilac curves, it will be less. In the above estimates, the 
bremsstrahlung channel makes a small contribution in the 
range of quantum energies corresponding to the synchrotron 
and betatron radiation mechanisms. Only for quanta with 
energies e >> pw w

3'w g  and  e'HQ g2/(mec) the bremsstrahlung 
mechanism is dominant.

3. Conclusions

A cluster laser plasma produced by an intense circularly 
polarised laser pulse is a source of synchrotron and betatron 
secondary radiation. At low [up to (3 – 5) ́  1019 W cm–2] laser 
intensities, the cluster plasma generates synchrotron quanta 
with low energy and cannot compete with a homogeneous 
subcritical density plasma in the efficiency of secondary radi-
ation generation (conversion coefficient). However, in the 
range of intensities from 1020 to 1021  W  cm–2 of circularly 
polarised laser radiation at optimal (50 – 200  nm) radii of 
heavy clusters (Au, Xe), the cluster plasma has a higher syn-
chrotron radiation energy at comparable volumes in which 
radiation is generated (focal volume). The characteristic ener-
gies of synchrotron quanta (corresponding to the maximum 
of the radiation spectrum) in this range of laser intensities 
range from units to tens of keV (5 – 30 keV for Au clusters 
with a radius of 50 nm). A feature of synchrotron radiation of 
clusters is its angular distribution with a maximum in the 
direction transverse to the axis of the laser beam, in contrast 
to betatron radiation of a transparent plasma with a maxi-
mum in the longitudinal direction.
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