
NUKLEONIKA 2016;61(2):119124
doi: 10.1515/nuka-2016-0021 ORIGINAL PAPER   

Introduction 

An optical breakdown caused by a nanosecond 
laser beam focused into a gaseous medium forms 
a laser spark in the given gaseous environment. 
The most likely processes triggered by the spark 
are those of radiation chemistry forming radicals 
and more complex molecules from originally simple 
gas components. Owing to its high energy density, 
the laser spark is an ideal instrument to simulate the 
energetic events in the planetary atmospheres, such 
as meteorite impacts. The spark, however, generates 
not only the radiation, but also ambient macroscopic 
electric and magnetic fi elds, which may infl uence 
the outcome of the mentioned radiation synthesis. 
The most striking example is sometimes the absence 
racemization of optically active products (enantio-
meric imbalance), i.e. a surplus of one kind of optical 
isomer. This concerns molecules like amino acids [1, 
2], which are thought later to have participated in 
more complex organic syntheses leading to the origin 
of terrestrial life. A useful survey on laser plasma 
chemistry is to be found in [3]. Quite recently, ex-
periments involving heterogeneous systems with the 
liquid formamide as a primitive compound have been 
arranged in a similar confi guration and it was found 
that all the four nucleobase constituents of RNA can 
be synthesized by a single laser shot, as shown in [4]. 
As mentioned above, some of the created molecules 
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may be optically active and it has been established 
as an experimental fact that the model experiments 
in the gas-fi lled chamber yield an uneven ratio of 
right-hand (R-) and left-hand (L-) optical isomers. 
It has been conjectured (see e.g. [5]) that this asym-
metry between the R- and L-species is induced by 
a synthesis going on under the action of superim-
posed electric and magnetic fi elds occurring in the 
spark vicinity, as a consequence of its polarization 
and internal currents. Such fi elds during an optical 
breakdown in the air have actually been directly mea-
sured, as shown in [6]. The orientation of the electric 
dipole formed in the plasma, which is caused by the 
polarization due to the plasma radial expansion in 
the self-generated magnetic fi eld, has the polarity, 
which very much depends on the disposition of 
electron density and electron temperature gradients 
inside the plasma. These gradients depend, in turn, 
on the mechanism of the laser spark formation. In 
the literature, essentially three different mechanisms 
can be tracked down: (1) a light detonation wave 
described in [7], (2) the radiation hydrodynamics 
supersonic propagation, as considered in [8], and (3) 
a delayed breakdown action relevant for a tapering 
geometry of the beam, also described in [7]. The 
present contribution is aiming at an assessment of 
the mentioned spark formation models and their 
comparison with the experimental fi ndings. 

Mechanism of the laser spark 

The laser spark in a gas at the atmospheric pressure 
is initiated by an optical breakdown in the gas into 
which a high power laser beam is focused. The opti-
cal discharge starts inside the focal cone in the place 
where the focused intensity attains the breakdown 
value characteristic of the gas mixture and its pres-
sure. The propagation of the ionization front from 
the breakdown point, due to which the laser spark 
is formed may occur in three different regimes in 
dependence on the duration, focusing and intensity 
of the driving laser pulse. They are described in [7]. 
For long pulses, the most fundamental mechanism 
is the ‘light detonation wave’ with the character-
istic velocity D ~ (IL/h)1/3 of propagation against 
the laser beam (see [7], where IL is the local laser 
beam intensity and h is the initial mass density of 
the ambient gas. 

The speed of the plasma front may reach 100 km/s, 
but it is not enough for short pulses to form large spark 
plasma, as it is observed experimentally. The propaga-
tion may still be enhanced by the second mechanism 
of supersonic radiative wave propagation driven by 
X-ray radiation emanating from the forming plasma 
in both the longitudinal and the radial directions (see 
[8]), but even this mechanism needs a longer time of 
several nanoseconds to form a sizable plasma. For 
very short pulses, as produced by the sub-nanosecond 
iodine laser and plasma formed within a focused taper-
ing beam, the most likely mechanism seems to be the 
delayed breakdown action equally described in [7]. 

A short pulse with a steep leading edge easily 
reaches the steady-state intensity breakdown value 

somewhere on its way down the focal cone, but 
before the actual breakdown occurs (since it takes 
some time for the necessary electron avalanche to 
develop), the front end of the pulse moves farther on 
still closer to the focus undisturbed by any plasma 
effects. When the intensity keeps rising up, the initial 
breakdown eventually takes place closer to the focus 
than given by the nominal CW breakdown inten-
sity and the resulting breakdown front travels very 
fast against the laser beam to the point where the 
nominal breakdown intensity was fi rst reached. The 
mechanism of the delay consists in only a gradual 
build up of the pre-breakdown avalanche and the 
actual breakdown occurs only if a limiting electron 
density within the avalanche is reached, which takes 
a certain time to build up. If the rate of the electron 
multiplication is supposed to be proportional to the 
local power density, the speed of the breakdown 
front is in this case proportional to ~IL

1/2. This is the 
reason why for intense nanosecond laser pulses in 
a tapering geometry the propagation velocity of the 
breakdown wave must, in principle, be faster than 
the light detonation wave velocity, see e.g. [7]. In 
this way, a large plasma formation is created in the 
form of a truncated cone with the narrow side facing 
the focus, as shown in Fig. 1. 

It is a remarkable property of this initial plasma 
formation that the plasma density is rising up from 
the focal side toward the laser, with a sharp drop 
in the density on the laser side. The critical density 
for the iodine laser wavelength  = 1.3 m is about 
6.4 × 1020 cm–3, which is more than at the atmo-
spheric pressure all the mixture components taken 
together can contribute in terms of free electrons 
even if fully ionized, so that no critical surface can 
be formed within the plasma and the beam could, 
in principle, continue to propagate down the fo-
cal cone. However, after the plasma is formed, the 
propagating beam will be defocused and scattered 
by the resulting refraction index inhomogeneities, 

Fig. 1. Scheme of the laser spark plasma immediately 
after the breakdown. The plasma is supposed to have 
a form of truncated cone limited by the delayed nominal 
breakdown surface on the laser side (z1 = zb) and the 
actual fi rst breakdown (z1  zc) facing the focus. The 
reference frame uses the optical axis oriented against 
the laser beam as the z-axis (z = 0 at the ideal focus) and 
the positive azimuthal direction is anticlockwise. The 
fi eld lines of both the electric E


 and magnetic B


 fi elds 

are schematically shown.
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thus blocking any further plasma creation on the 
focal side of the spark. 

Electric and magnetic fi elds around the laser spark 

The laser spark is an energetic phenomenon capable 
of forming electric and magnetic fi elds in its vicinity. 
Here we shall be interested primarily in the evalu-
ation of the fi elds generated by the spark in its ac-
tive stage or shortly after. We shall thus consider a 
plasma cloud in the form of tapered truncated cone 
partially fi lling the focal cone with the geometrical 
focus placed in the origin of coordinates and the laser 
light propagating against the z-axis. The mechanism 
creating an azimuthal magnetic fi eld winding round 
the spark plasma is well known. Its generation 
equation is derived by B


 = (0,B,0) combining the 

electron equation of motion with the electron inertia 
neglected, Faraday’s law and the Ampère’s law of 
the Maxwell’s equations. 

(1)

Keeping the source term only (i.e., dropping the 
convective, diffusive, and Hall terms on the left-
-hand side), the following equation is obtained: 

(2) 

where e is the elementary charge, c the speed of 
light, kB the Boltzmann constant, n the electron 
number density, T the electron temperature, and E 
the plasma electric conductivity. In the following 
text, cylindrical coordinates (r, ,z) will be used 
with the zero in the ideal focus, the optical z-axis 
oriented against the laser beam and the positive di-
rection of  in the anticlockwise sense. The solution 
of Eq. (2) can be found in model cases, but for our 
purposes, it is suffi cient to take an approximation. 
However, in contrast to the case of a solid target, 
the density gradient in the case of the laser spark is 
rising away from the breakdown point toward the 
laser (positive z-axis direction). The fi eld has, thus in 
the case of mostly fl atter dependence of the electron 
temperature along the z-axis, still a purely azimuthal 
direction but it winds round the beam direction in 
the anticlockwise sense, and its only non-vanishing 
component B is thus positive. Modelling of the ra-
dial dependence of density and temperature is done 
with simple parabolas, respecting simultaneously the 
focal cone tapering 

(3) 

where f is the focal distance and R is the aperture 
radius, n0 and T0 are density and temperature values 

on the optical axis in the caustic region (n0 cancels 
out), and Pn(z/zn) as well as PT (z/zT) are so far un-
specifi ed longitudinal profi le functions of density 
and temperature in the z-direction, governed by 
the scale lengths zn and zT, respectively. A simple 
estimate renders 

(4) 

where L is the laser pulse duration and the primes 
at the profi le functions Pn and PT designate the de-
rivatives with respect to their arguments. It should 
be noted that with a rising density profi le (P n > 0) 
the magnetic fi eld is now winding round the spark 
channel in the opposite sense than in the conven-
tional laser experiments involving solid targets. 
For identical longitudinal density and temperature 
profi les Pn(z/zn) = PT(z/zT) and zn = zT (implying 
colinearity), the fi eld turns to be zero. The magnetic 
fi eld near the surface of the plasma cone forming the 
spark is given by 

(5) 

which means that although on the laser side where 
the local cone cross-section is relatively large, the 
resulting magnetic fi eld might be weak, in the direc-
tion to the focus z  0, the fi eld intensity is growing 
and would reach infi nity at an ideal point-like focus. 
In reality, of course, the fi eld growth is confi ned by 
the fi nite radius rc of the focal caustic at the point 
zc = rcf/R. The local magnetic fi eld intensity near 
the plasma cone tip may thus reach quite a high 
value B(zc) ~ (zb/zc)B(zb), where zb is the point of 
the delayed breakdown on the laser side zb = rbf/R 
(the broader end of the plasma cone facing the laser 
with the radius rb is derivable from the nominal value 
of the laser breakdown intensity, for details see [7], 
p. 176). Since the fi rst breakdown takes place on the 
focal (narrow) side of the focal cone, there is some 
time left for the plasma on this side to diffuse laterally, 
by which this part of the cone is expanded and the 
tapering angle is reduced. The local plasma expansion 
near the tip is, obviously, accelerated by the presence 
of the sharp gradients. Simultaneously, this expansion 
means also a rarefaction of the plasma starting at the 
cone tip, by which the positive longitudinal density 
gradient is gradually formed, as shown in [7]. 

As regards the origin of the electric fi eld, it was 
conjectured in paper [6] that streaming of the ex-
panding plasma across the magnetic fi eld is causing 
a charge separation (polarization), inducing for an 
ideally conducting plasma a charge density  and a 
longitudinal electric d


= (0,0,dz) dipole moment of 

the spark 

(6) 

where  is the charge density, and 


 = (r,0,z) is the 
plasma fl ow velocity mainly in the radial direction. 
In the following, we shall approximate its value by 
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(a constant) acoustic speed equal to r ~ kBT0/mi; 
mi is the weighted ion mass. This introduces a certain 
inconsistency, since the spark is initially confi ned by 
the cold surrounding gas, which blocks any convective 
plasma expansion, and also the true r should vanish 
on the optical axis for symmetry reasons. However, a 
more realistic approximation of r just complicates 
the model and leads to changes in numerical coef-
fi cients in the resulting expressions only. A plasma 
expansion may, however, proceed by the diffusion. 
For the dipole moment of the spark dz it is thus 
obtained 

(7) 

The last line is corresponding to the case of 
a flat temperature profi le in the z-direction, PT(z/zT) 
= 1 and to an exponential Pn(z/zn) ~ exp(z/zn) or a 
power dependence Pn(z/zn) ~ (z/zn + 1) (including 
linear  = 1 or quadratic  = 2 cases, the shift by 1 
has been added to avoid a nonphysical zero in the 
density dependence as z  0, which would introduce 
spurious singularities when approaching the focus). 
The density profi le is actually changing with time, 
which in our model might be expressed with a time 
dependent density scale-length zn. An idea about the 
density profi le across the laser spark and its temporal 
evolution can be obtained by inspecting Fig. 6.8 on 
p. 172 in Ref. [7]. There is no similar information 
available for the temperature profi le, however, it can 
be expected that owing to the diminishing intensity 
of the beam and growth of the heated plasma volume 
when going away from the tip, the temperature might 
be falling (PT < 0) adding thus to the rising density 
effect. For the purpose of our calculation, however, 
we set PT = 1, eliminating the temperature profi le 
contribution. Since the plasma assumes the shape of 
the truncated cone, the integration limits z1 and z2 
are given as the points of the fi rst actual breakdown 
on the focal side (z1) and of the delayed nominal 
breakdown (z2 = zb) on the laser side. Naturally, the 
actual breakdown can well take place still before the 
laser pulse reaches the caustic, but the caustic is at 
any rate the utmost point where the fi rst breakdown 
might occur at all. The density scale length zn, which 
is (in principle) time dependent, was also set equal 
to zb and where possible z1 will be replaced either 
by the zc coordinate of the onset of focal caustic 
(zc = rcf/R, where rc is the caustic radius), or even 
by the ideal focus (z1 = 0), as it was the case of the 
above dipole moment integral. The dipole moment 
has the correct positive orientation along the z-axis 
(positive charge nearer to the laser), as indeed was 
found experimentally [6]. 

Electric fi eld near the focal cone caustic 

The value of the electric dipole set-up by the plasma 
cone, though a directly measurable quantity does 
not characterize the electric fi eld intensity near the 
cone tip with a suffi cient accuracy, since the dipole 
approximation is valid at a larger distance from 
the field source only. A more detailed estimate 
is therefore needed to obtain a realistic fi eld value 
near the tip. We shall start from the general relation 
for the fi eld potential 

(8) 

where  is the spark charge density given by Eq. (6). 
Owing to the axial symmetry, the integration can be 
again performed in cylindrical coordinates, giving in 
the fi rst step (angular integration) 

(9) 

where in the cylindrical geometry r = |r

| means the 

perpendicular radius, and |z| = |r

| is the distance 

from the focus along the optical axis (same for the 
primed variables), z1, z2 are again the integration 
limits in the focal direction as explained in the case 
of the electric dipole integral. K()  /2 (1 + 2/4 
+ 94/64 + ...) is the elliptic integral of the fi rst 
kind. Since we are mainly interested in the fi eld near 
the tip r << R, z << f, it is meaningful to expand 
Eq. (9) in the coordinates r, z. The absolute term in 
the potential can be dropped and the linear terms 
will give an approximation of the fi eld components at 
the tip. An analysis of Eq. (9) shows that the linear 
term in r  vanishes (as it, indeed, has to vanish for the 
symmetry reasons), and the following quadratic term 
thus contributes little to the overall fi eld magnitude 
near the tip, the term linear in z renders directly the 
near-tip Ez value 

(10) 

The expansion of Eq. (9) on substitution for  from 
Eq. (6) and performing the integration after some te-
dious algebra (entrusted to Mathematica software), 
a lengthy expression for the fi eld near the tip of the 
focal cone Ez(0,0) is obtained. The leading terms 
giving the principle contribution are those that tend 
to grow infi nitely for z1  0 and only these will be 
shown, with z1 set equal to the caustic coordinate 
zc. Using the same simplifying assumptions as in 
the case of the dipole calculation, namely that the 
temperature remains constant in the longitudinal 
direction PT = 1 and the longitudinal density scale 
length is given by the cone length zn = z = zb, the 
result for the near-tip z-component of the electric 
fi eld is 
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(11)

for an exponential and power- dependence of 
the longitudinal density profi le, respectively. The 
numerical value of the coeffi cient in the square 
brackets was evaluated to be equal to 2.78 × 10−2 
for the ration R/f = 0.3 as corresponding to the ex-
periment [9]. The z-component of the electric fi eld 
entering the cone tip is negative, pointing thus to a 
substantial negative charge accumulation near the 
tip and a deviation from the dipole fi eld mentioned 
in the previous section. Again, as in the case of the 
magnetic fi eld the fi eld value Ez diverges, too, when 
approaching the focus, the growth being halted by 
the fi nite size of the focal caustic. 

Evaluation of the fi elds for the spark in a model 
primordial atmosphere 

The dipole electric fi eld as well as the circulatory 
magnetic fi eld generated near the cone surface will 
be evaluated for the condition of the experiment [9] 
using Eqs. (4) and (7), for the case of the exponen-
tial density profi le dependence. The focused laser 
energy propagates down the tapering focal cone until 
the breakdown intensity is reached. Assuming the 
breakdown intensity for a CO-N2 mixture 1:1 to be 
approximately equal to 1011 W·cm–2 we obtain after 
some elementary calculations for the parameters of 
the focusing system used in the experiment (lens 
diameter 15 cm, focal length 25 cm, pulse energy 
87 J, and pulse length 0.5 ns) the length of the spark 
(in front of the focus) about 2.5 cm, and its diameter 
on its broader end of about 1.5 cm. Setting as an ex-
ample the temperature T0 = 500 eV, from Eq. (4), the 
magnetic fi eld near the plasma surface is obtained at 
the wider laser end of the spark B  27 G. However, 
taking the standard Asterix laser beam divergence 
to be 5 × 10–5 rad, the caustic diameter would be 
2.5 × 10–3 cm and the near tip value of B would thus 
grow to about 16 kG. From Eq. (7), the expected 
value of the spark electric dipole moment dz  3.2 × 
10–3 (in CGS units), the near tip value of the electric 
fi eld intensity from Eq. (11) should amount to about 
1.2 × 102 V/cm. Whether these calculated fi eld val-
ues are suffi cient to cause the observed imbalance 
between the optical isomers lies beyond the scope 
of this paper. The problem is addressed in a survey 
paper [10]. However, even there no quantitative 
estimates are mentioned. Since both the forms are 
not energetically different, it is to be expected that 
a relatively weak external fi eld can cause an optical 
asymmetry. 

Conclusion 

A fairly simple model of laser spark plasma formed 
by a delayed breakdown mechanism [7] within the 
focal cone of a focused ns laser beam in a gas at 
nearly atmospheric pressure implies quite convinc-
ingly that in a close vicinity of the spark plasma 
magnetic and electric fi elds are being spontane-
ously created. The magnetic fi eld originates due 
to the standard mechanism of crossed density and 
temperature gradients, whereas the electric fi eld is 
induced by a charge separation (polarization) of the 
plasma streaming radially across the self-generated 
magnetic fi eld. Putting in the parameters of the 
experiment [9] performed at the PALS centre in 
Prague, values of the magnetic fi eld intensity evalu-
ated near the plasma tip may reach kG values and 
the accompanying electric fi eld intensity lies in the 
range of 100 V/cm. Since the spark plasma is char-
acterized by a rising density when going away from 
the focus (a difference from the more conventional 
laser experiments with a solid target, see [5]), the 
spark magnetic fi eld winds round the optical axis in 
the opposite (anticlockwise) direction. The induced 
electric fi eld examined at a larger distance from the 
spark (plasma cone) is pointing to the existence of 
an electric dipole oriented in the positive z-direction, 
i.e. with the positive charge facing the laser, in con-
formity with the experimental fi ndings [6]. Since, 
obviously, the most intense radiation chemistry in 
the gas mixture is going on next to the focal caustic 
(cone tip), it is to be expected that the predicted 
presence of relatively strong ambient fi elds in this 
region will imprint itself on the chemical products 
in the form of racemization imbalance. 
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