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Effect of a target size on the recoil momentum
upon laser irradiation of absorbing materials

A.N. Chumakov, A.M. Petrenko, N.A. Bosak

Abstract. The dependence of a recoil momentum on the
radius of a target irradiated by a single-pulse Nd*": YAG
laser (4 =1.064 pm, 7 = 20 ns, E < 300 mJ) in the air is
studied. The recoil momentum decreases three-fold with
increasing the relative target radius from 0.3 to 5 and tends to
saturation for r > 3. The calculation of the recoil momentum
on the basis of the Euler and Navier — Stokes equations gave
understated values for r > 1, which lowered to negative
values. The reasons for the qualitative discrepancy between
the experimental and calculated data is discussed.

Keywords: interaction of radiation with matter, laser-induced air
breakdown, recoil momentum, ballistic pendulum.

1. Introduction

A target irradiated by high-intensity laser radiation
experiences a reactive recoil momentum arising from
expanding vapour, which can be used to produce jet thrust
[1]. The recoil momentum 7 is approximately proportional
to the laser pulse energy FE, making the specific recoil
momentum //E a convenient characteristic of laser radia-
tion-to-mechanical energy conversion. The specific recoil
momentum is maximal for some optimal value of the laser
power density, which is about 0.5 GW cm ™2 for metals irra-
diated in vacuum [2, 3]. For an evaporative thrust mecha-
nism, the specific recoil momentum //E ~ 10 dyn s J ~!and
is primarily determined by the optical and thermodynamic
properties of the target material [4—6].

With the discovery of a low-threshold optical near-target
air breakdown by CO»-laser radiation, a higher-efficiency
explosion mechanism of pressure pulse transfer to the target
was revealed [7—9]. In this case, the specific recoil momen-
tum may five-fold exceed the specific evaporative
momentum, ranging up to ~50 dyn s J~'. This opens up
the possibility of developing a laser-powered jet engine with
air as the working medium [10—13]. Investigations revealed
the dependence of recoil momentum on the shape and
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dimensions of the target [6, 9, 13—16]. The recoil momen-
tum was shown to increase with target dimensions and then,
on reaching its peak, to decrease slowly [13—16]. The
momentum transfer from the near-surface plasma to the
target is quite satisfactorily described by a spherical blast
wave [17]. To analyse the resultant data, the target radius is
conveniently expressed in relative units using its normali-
sation by the dynamic length ry = (E/, po)l/ 3, where p, is the
normal atmospheric pressure. The previous experimental
measurements of recoil momentum were performed for
relative target radii r < 1, the greatest momentum being
reached for r ~ 0.3 [16]. For these target radii, the results of
measurements are in reasonable agreement with numerical
simulations [18].

We have failed to find experimental data on the recoil
momenta for targets with the radii r > 1. At the same time,
numerical one-dimensional calculations [18, 19] were per-
formed in a substantially broader range of target radii and
testify to the change of sign of the recoil momentum with
increasing radius above two dynamic units. Two-dimen-
sional calculations of recoil momentum [20] carried out by
the particle method in the case of a near-surface optical air
breakdown have also led to negative values of recoil
momentum with increasing the target radius. This is why
of significant interest is the experimental determination of
recoil momenta for large laser targets (r >2) and their
comparison with calculations.

2. Experimental

We used in our experiment a single-pulse 1.064-pm
Nd:YAG laser emitting ~300-mJ, 20-ns pulses [21]. The
laser radiation was focused onto the target with a spherical
convex-plane lens with a focal length of ~60 mm to a spot
200 um in diameter. The experiments were performed for
an atmospheric air pressure. Brass foil disks were employed
as the targets. Quantitative measurements were performed
for a laser pulse energy of ~92 mJ. In this case, the laser
energy density was ~300Jcm 2. A near-surface air
breakdown was initiated under these conditions, which
was responsible for an almost complete absorption of laser
radiation in the plasma produced.

The recoil momentum was measured by the pendulum
technique. A brass target ~2 mm in diameter of mass
~40 mg was glued at the centre of a plastic disk attached
to a free suspension with a length / = 170 mm which fulfilled
the function of a pendulum. The plastic disks served as the
receiving target area and were made of a thin and light yet
rather rigid polymer film. The disk radius ranged from 0.2 to
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5 cm. Their masses m were measured with an ADV-200-M
analytical balance with an uncertainty of 0.1 mg and were
found to range between 40.7 and 536.0 mg, respectively. The
horizontal pendulum deviation x from the equilibrium
position was visually determined with the aid of a measuring
microscope. The recoil momentum 7 was determined from
the horizontal pendulum deviation using the relation

1/2
]:mx(%) R (1

where g is the acceleration of gravity. For every selected
target radius, we performed a series of measurements to
determine the average value of I. Relation (1) neglects the
target deceleration in the air. However, it provided
sufficiently accurate values of I, because the velocities of
target motion were low under our experimental conditions.

The gas dynamic processes in the optical breakdown
were numerically simulated by solving the problems on the
decay of a spherical discontinuity for the gas dynamic Euler
equations and the Navier — Stokes equations for a compres-
sible gas whose viscosity was assumed to be equal to the
viscosity of air. Both problems (for the ideal and viscous
gases) were assumed to be spherically symmetric and were
treated in the Lagrangian physical coordinates. Our techni-
que is distinguished for the use of fully conservative
difference schemes as the heart of the computational
algorithm. The calculations were performed with the aid
of the code package of Ref. [22]. In our formulation of the
problem, the target was assumed to reside in the plane of
symmetry. The recoil momentum was determined from the
relation [23]

1) =2 [~ popirar ®)

0JO

In the comparison with experiment, account should be
taken of the fact that relation (2) neglects the flow that
reaches the rear side of the target when the compression
wave reaches its edge.

3. Results and discussion

The experimental values of recoil momentum are given in
Fig. 1. They were measured for target radii in the range
between 0.2 and 5 dynamic units. Also given here are the
experimental data of Ref. [16] obtained earlier for target
radii » < 0.6. Dependence (3) was derived in the solution of
the Euler equations and dependence (4) in the solution of
the Navier—Stokes equations. In the construction of these
dependences we included the correction for the flow-
bending effect. It was determined from the following
considerations. The flow bending round the target is
responsible for a pressure rise at its rear side and thereby
retards its motion and decreases the experimental recoil
momentum. That is why one-dimensional calculations,
which do not take into account this flow bending, yield
values of recoil momentum overestimated in comparison
with the experimental ones, as indicated in Ref. [16]. An
analysis of the calculated and experimental data for small
target radii suggests that the contribution to the recoil
momentum made by the explosion flow that reaches the
rear side of the target is similar to the contribution of the
flow at its facial side, with a similarity coefficient smaller

than unity, but is opposite to it in sign. In our case, the
greatest calculated recoil momentum was almost two times
greater than the measured one, and therefore the similarity
coefficient was taken to be equal to 0.5. The bent-flow
contribution estimated in this way was subtracted from the
calculated values of recoil momentum.
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Figure 1. Specific recoil momentum //E as a function of the target radius
r normalised to the dynamic length: (/) experimental data of Ref. [16];
(2) data of the present work; (3) calculations by the Euler equations;
(4) calculations by the Navier —Stokes equations.

The calculated dependences thus constructed agree
nicely with the experimental ones throughout the r < 0.6
range. All the dependences have maxima at r = 0.3. The
maximum measured values is //E~ 12.7 dyns J~'. The
sharp decrease of the experimental dependence for
0.3 <r<0.6 gives place to its slow decrease, which is
concluded with a positive plateau with I/E ~ 4.2 dyn s J!
for r > 3. By contrast, the calculated dependences drop to
negative values for r > 1, despite the neglect of decelerating
action of the flow which bends into the domain behind the
target. The inclusion of viscous dissipation in the air brings
the calculated dependence of the recoil momentum on r
[curve (4)] somewhat closer to the experimental one but
does not eliminate the qualitative difference between them.

This discrepancy between the experimental and calcu-
lated recoil momenta for large target dimensions should
stem from the difference between the corresponding pressure
pulses. Our experiments did reveal slowly decaying quasi-
periodic oscillations of the pressure pulse, which were absent
in the calculations [24]. At the same time, the pressure
amplitudes and the arrival times of the real and calculated
shock waves are in reasonable good agreement [25].

In our view, the uncovered pressure pulsation arises
from the transformation of shock-wave perturbation to the
acoustic radiation, which is disregarded in the gas-dynamic
description of the explosion. This transformation is due to
the acoustic dispersion and possesses a threshold. Most
likely it sets in together with the formation of the region of
reverse flow, when the distance of the shock front to the
centre is ¥ > 0.6. The transformation is accompanied with
the energy transfer from the shock-wave perturbation to the
acoustic radiation and is responsible for the moderation of
the decrease of the experimental dependence of the recoil
momentum on r compared to the calculated one. The
acoustic radiation does not lead to mass transfer and cannot
exert effect on the magnitude of recoil momentum, and
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therefore the recoil momentum achieves a plateau on
completion of such transformation.

4. Conclusions

The results obtained in our work allow the following
conclusions:

(1) The experimental recoil momentum is positive for
targets of arbitrary size and exhibits a slight dependence on
their radius, which is of significance for the development of
laser-powered jet engines.

(2) The qualitative difference between the experimental
and calculated recoil momenta for large target dimensions
can be attributed to the transformation of the shock-wave
perturbation to the sound pulse at the late stage of the
breakdown, which the calculations do no take into account.
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