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The time evolution of the reflectance of a resonator plasma is analyzed. The motion of the plasma
in the intense multimode light field, the reflection of the light and its amplification are analyzed in
a self-consistent way. The evolution of the reflectance is related to the time evolution of the light
intensity only through the hydrodynamics of the plasma. The operating principle of a plasma

shutter is determined. The structure of the train of laser pulses is found. Some behavior observed

experimentally is explained.

The advantages of open resonators with plasma op-
tics—the simplicity of design, the stability of the operating
regimes, the high efficiency, and the high light intensity—
have been pointed out in many studies.!~'* Oscillators with
plasma elements are simple to control. A plasma layer com-
bines the functions of resonator mirror, optical shutter for Q
switching, and nonlinear element for mode locking. Plasma
optics makes it possible to develop simple and efficient lasers
of large aperture for Q-switched operation. A plasma shutter
has an unlimited radiation strength. It makes it possible to
synchronize several laser channels and to superimpose the
beams on the target. Experiments have also demonstrated
thatitis possible to replace both resonator mirrors with plas-
ma reflectors.

Experimental results show that resonators with plasma
optics are promising. Some interesting possibilities for prac-
tical use of such resonators have been discussed in several
papers.

The experiments with resonator plasmas have concen-
trated on the temporal structure of the laser light. The oper-
ating principles of the plasma mirror (or shutter) have not
been determined. There have been several suggestions re-
garding the physical mechanisms which determine the time
evolution of a plasma mirror: stimulated Brillouin scatter-
ing, self-focusing, and the formation of a crater in the target.

In the present paper we derive a theory for the events
which occur in a resonator with a plasma mirror. The calcu-
lations on the plasma in the intense multimode light field,
the reflection of the light, and its amplification are treated in
aself-consistent way. We determine the structure of the train
of laser pulses, and we explain some behavior which has been
observed experimentally.

THE GASDYNAMICS OF A PLASMA MIRROR

Figure 1 shows the equivalent optical diagram of a reso-
nator with a plasma mirror. The mirror M, has a reflectance
R, = 100%. The plasma mirror, M, is in a plasma-optics cell
S. The chemical composition and pressure of the gas in this
cell strongly influence the structure of the light field. The
reflectance of the plasma mirror, R (¢ ), and the optical thick-
nessA (¢ )are tobe calculated. The time ¢is reckoned from the
time at which the plasma appears. The plasma can be pro-
duced through optical breakdown of the gas, by an electric
discharge, or by burning through thin films with a laser
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beam. The metallized film can be one of the resonator mir-
rors at ¢ <0 (Ref. 14). A good model of a plasma-optics ele-
ments, which can explain all the operating principles of a
mirror and of a shutter, is a plane plasma slab which is
formed at the caustic F of the focusing system at the time
t = 0 and which then expands into the surrounding gas.

Under the conditions of this problem, the electron and
ion-atom subsystems can be assumed locally equilibrium
subsystems, characterized by temperatures 7, and 7. The
plasma motion obeys the laws of hydrodynamics:
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Here v is the specific volume of the plasma; u is the velocity
of a mass element; x is an Euler coordinate; m is the La-
grange mass coordinate (9m = pdx);p = v~ is the density;
p =p. + p; is the total pressure; €, and ¢; are the specific
internal energies of the electron and ion subsystems; I7,; is
the rate at which energy is transferred from the electron sub-
system to the ion subsystem; 4., is the bremsstrahlung coeffi-
cient corrected for stimulated emission; and g, is the radi-
ation intensity at the frequency of the working transition.
The last term in the equation for ¢, is the specific energy
expanded by the electron subsystem on the ionization of
atoms and ions by electron impact. The index
Jj=0,1,2,...corresponds to atoms and to ions of charge j; I; is
the ionization potential of ion j; G, is the rate at which the
ions j are ionized by electron impact (the number of ioniza-
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FIG. 1. Equivalent diagram of a resonator with a plasma mirror.
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Here a, is the degree of ionization of the plasma; n, , n,, and
n; are the numbers of electrons, atoms, and ionsj per cm?; v,
is the effective rate of elastic collisions of electrons with
atoms and ions'’; m, is the mass of the electron; M is the
mass of the atom; n,, and x, are the refractive index and
absorption coefficient of the plasma'’; ¢, and o, are the
dielectric constant and electrical conductivity of the plasma
at the frequency w; and w,, is the electron plasma frequency.
The hydrodynamic equations are integrated along with
the ionization kinetic equation. In a Lagrange description of
the motion, the kinetic equations can be put in the form
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written for each element of mass. Here G,, is the rate of
photoionization of the atoms by the ultraviolet emission
from the plasma; G, and G ;; are therates at which ionsjare
ejected from the subsystem by ionization (j —j 4 1) and re-
combination (j—j—1); and G;_,, and G ,, are the
rates at which ionsj appear in the system as a result of ioniza-
tion (j — 1 — j) and recombination (j + 1 — j). The rate at
which ions are photoionized is negligibly small. The recom-

bination rates are calculated from the ionization rates and
from the ionizational-equilibrium constants.'® In these cal-
culations we use the impact-ionization rates calculated in
Refs. 17 and 18 and the rates of photoionization of atoms
calculated in Refs. 19 and 20. The diffusion of electrons can
be ignored.

REFLECTION AND AMPLIFICATION OF THE SIGNAL

Electromagnetic radiation g (¢) is directed toward the
plasma from the active medium. The plasma absorbs part of
the radiation and is heated. This heating is accompanied by
an expansion. Shock waves are excited in the surrounding
gas. An inhomogeneiety of the refractive index n, (x,?) re-
sults in the reflection of part of the radiation back toward the
active element: g5 (T') = R (¢ )q..(¢ ). The most intense bursts
of reflection occur during collisions of shock waves. The re-
flected signal g (¢ ) passes through the active medium twice,
is amplified, and strikes the plasma slab again after a time
At = 2L /c. Figure 2 shows some typical profiles of the di-
electric constant. At an initial gas pressure on the order of
atmospheric in the cell, the following condition holds quite
accurately at the frequency of a neodymium laser:

0e,/02<e0" Mo, (2)

Under this condition the relectance can be calculated in the
first geometric-optics approximation'® (here A, =4 /¢, is
the wavelength in vacuum). Going through calculations
analogous to Ref. 15, but incorporating absorption, we find

y_ﬁifj@:: exp[—Zika(y)dy]dzl, (3)

R(2)=th?

k. (z, t)=(w/c) (no—ix.).

Of the radiation intensity incident on a unit area of the
plasma mirror, ¢ (¢), a fraction R (¢ )q_(¢) is reflected and
amplified again, while the remainder, (1 — R )g_, is partially
absorbed by the plasma slab and partially transmitted. This
part represents the laser output intensity g, (¢). In the geo-
metric-optics approximation the transparency of the mirror
can be characterized by an optical thickness
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| FIG. 2. Dielectric constant of a plasma mirror (p, =1 atm,
b lo=0.1 mm, L =1 m, W=200). a—hydrogen, ¢ = 20 ns; b—
/) — argon, ¢ = 21 ns. The dashed line at the center marks a mass
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2
A(t)=70J Eum(z, t)dz ,

and we can write
9. (8)=q. (1) [1=R () Je=*®,

Beginning with the second pass through the resonator
(t>2L /c), the radiation intensity g (¢ ) can be written

4+ (t)=W*R (1) ¢. (1), (4)

where 7 =t — 2L /c, and W is the power gain of the signal
per passage through the active medium.'

During the first passage through the resonator
(0<t < 2L /c), the radiation cannot be written in the form (4),
since we have R =0 at 7 < 0. The shape of the signal g_, (¢ ) at
t <2L /cis determined by events which occur in the system
before the formation of the plasma mirror, so that this shape
should be specified along with the initial conditions of the
problem. We assume that the higher-order transverse modes
of the resonator are suppressed. We assume that the inhomo-
geneous broadening (4v,, ) of the working transition is signif-
icantly greater than the intermode beat frequency 4v,, = ¢/
2L. The resultant field, in the resonator can be written as a
superposition of &,, longitudinal modes, where 2!
N, =Av,/Av,,:

M+ Nm/2

E(t)= Z E.sin{[o+2x(m—m.) Ava]t+e.}.

m=me—Np/2

Here m. = 2L /A, is the index of the longitudinal mode
which corresponds to the center of the line, and ¢, are the
random phases of the independent oscillators. The radiation
intensity is

q.(t)=(c/8n)E*(t), 0<t<2L/c.

FORMATION OF A PULSE TRAIN

The time evolution of the reflectance R (¢ ) is determined
by the motion of the plasma, the time evolution of the refrac-
tive index, and the absorption. The motion of the plasma is
determined to a large extent by the light absorption g _(¢),
while the light intensity ¢ (¢) is expressed in terms of the
reflectance. To find the shape of the output signal we must
therefore solve the self-consistent problem of the expansion
of a plasma slab and the formation of the radiation field.

The problem has been solved numerically for argon and
hydrogen. The initial state of the plasma is specified as an
immobile plane slab of thickness /, = 0.1-0.3 mm, with a
temperature T, = T,, = 3-5 eV, and with the density of the
surrounding gas. For the passage through the resonator, the
light ¢, (¢) is specified as a superposition of 20 longitudinal
modes. All the amplitudes E,, are specified equal, while ran-
dom numbers are chosen for the phases @,,, .

At t>0 the plasma slab begins to expand into the sur-
rounding gas. Two shock waves are formed. The gas around
the plasma absorbs part of the ultraviolet emission from the
plasma and undergoes a slight (nucleating) ionization. The
electron temperature in the immobile gas is determined pri-
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FIG. 3. Reflectance of a plasma mirror (argon, p, = 0.7 atm,
lp=0.2 mm, L =1 m, W=200]. The dotted curve shows the
intensity of the light incident on the mirror.

marily by the intensity of the laser light.?? The rate of impact
ionization depends exponentially on the electron tempera-
ture, and it varies over a broad range in an alternating field
q.(t). Progressively new portions of gas and plasma are con-
tinuously entrained in the hydrodynamic motion. A series of
shock waves and rarefaction waves is formed. The velocities
of these waves differ, because of differences in the plasma
density, the degree of ionization, and the fraction of the laser
light which is absorbed. Because of this difference in veloc-
ities, the shock fronts collide. These collisions are accompa-
nied by high gradients of the variables and bursts of reflec-
tion.

Figure 3 shows a typical fragment of the R () record.
The length of a burst (at its base) is 7z ~ 50 ps, equal to the
scale time for the collision of shock waves in the plasma,
Teon ~ s /D (the width of the shock front is /; ~1 um, and
the velocity of the shock wave is D, ~ 10 km/s). The stage of
maximum compression is slightly shorter. The stage corre-
sponds to a maximum reflection. Figure 3 compares the
pulsed reflectance R (¢ ) with the intensity of theincident laser
light, g, (¢). We see that the bursts of reflection do not corre-
late with intensity peaks. Furthermore, the peaksing_ (¢ ) are
several times wider than those in R (¢ ). In one of the simula-
tions, a slab of argon plasma was bombarded by a constant
intensity ¢, = 600 MW/cm?. Again in this case the reflec-
tance has a peak structure with typical peak half-widths
~20-50 ps. It can thus be asserted that the reflectance of the
plasma mirror is coupled with the laser light only through
the hydrodynamics.?

The peak values of the reflectance R (¢ ) depend on the
pressure and chemical composition of the gas in the plama-
optics cell and also on the thickness of the plasma slab and
the rates of processes which occur in the plasma: the rate of
ionization and the velocities of the shock waves. In calcula-
tions carried out for a neodymium laser the reflectance in the
picosecond pulses, R, reaches a few percent (argon; p, = 1
atm, /, = 100 um and p, = 0.7 atm, /, = 200 zm), in agree-
ment with the experimental results of Refs. 11 and 12. Geo-
metric-optics condition (2) is violated for the light of a CO,
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FIG. 4. Change in the shape of the signal during four successive
traversals of the resonator (argon, p,=1 atm, /,=0.1 mm,
W =200,L =1m).

laser, but in this case the gradient de,, /dx is large, and we
can expect the Fresnel formulas to be satisfactorily accu-
rate.’® Calculations carried out for a CO, laser (argon,
Po = latm, /, = 0.1 mm) show that the reflectance can reach
25% in some pulses. In the experiments of Ref. 5 the reflec-
tance was 15-20%.

In the experiments of Refs. 11 and 12 the structure of
the laser pulse was measured with a picosecond time resolu-
tion. Those measurements showed that a typical peak has
half-width 7, ~20 ps. Some narrower peaks are also found
(r <5 ps). It was also noted that (1) the peaks become nar-
rower when they are reflected from the plasma mirror and (2)
some of the peaks are not reflected at all.

The experimental results can be explained in a natural
way on the basis of the problem solved here. Let us examine
the changes in the shape of some peak over several passes
throught the resonator (Fig. 4). From the complete laser
pulse g, (¢ ) found in the numerical simulation we select five
fragments: a peak of regular shape with a half-width 7, = 70
ps and four of its “resonances”: four signals which are suc-
cessively reflected and amplified, and which are separated by
timeintervals Az = 2L /c. For convenience in comparing the
shapes of the signals, the intensities are given in arbitrary
units. These results imply that over several traversals of the
resonator the time evolution of the radiation ¢, (¢) becomes

similar to that of the reflectance R (¢ ). A wide light pulse of
regular shape becomes a haphazard sequence of peaks with a
half-width 7, ~20 ps (Refs. 11 and 12). There may also be a
further contraction of a peak if, upon reflection, it is dis-
placed slightly along the time scale from the R (¢ ) burst.

The calculations show that at certain times the plasma
loses its ability to reflect (Fig. 3). The light peaks which ar-
rive at the plasma at such times do not contribute to the
reflected signal g (¢ ), in agreement with experimental obser-
vations.'!?

The lasing regime is basically governed by the gain of
the active medium.>'® This conclusion can also be drawn
from the numerical simulations. As an example, Fig. 5
shows the structure of two trains of laser pulses produced in
aresonator with a plasma mirror. In the first case (W = 300)
the condition for self-pumping, R (¢)#?*> 1, holds nearly
continuously. The contrast between the peaks and the back-
ground is small (~ 30), since the background and the peaks
are amplified identically (without discrimination), on the
average. In the second case (W = 150) the self-pumping con-
dition holds much less frequently than in the first case, so
that the background is, on the average weakened with each
transit of the resonator. The light peaks g, (¢ ) which are inci-
dent on the mirror atthetime R (¢ )W ? < 1 are also weakened,
but a fraction of the g (z) peaks is reflected and amplified
when the self-pumping condition holds. The contrast of sev-
eral peaks thus increases, and the pulse train thins out. In
this particular calculation, the peak contrast with respect to
the background was ~ 200. In the experiments of Ref. 10 the
contrast of the light produced in a resonator with a plasma
mirror was 100-1000. The reason for the comparatively low
contrast is that the plasma mirror is not a discriminator. It
cannot respond instantaneously to the intensity of the inci-
dent light, since the reflectance is related to the intensity
through the hydrodynamics. This property cannot be called
adisadvantage of the plasma mirror, since the contrast of the
light can be increased substantially throught the use of sa-
taurable absorbers.'°

The contrast cannot be increased through a further re-
duction of the gain of the active medium. At W = 80, for
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example (with otherwise the same parameters; Fig. 5), the
self-pumping condition is satisfied so infrequently that the
light has become weaker than it began after six back-and-
forth traversals of the resonator.

We might also note that in the calculations carried out
for hydrogen (p, =1 atm, /, = 0.3 mm and p, = 0.7 atm,
I, = 0.1 mm) the signal is not amplified even at W = 300 (six
back-and-forth traversals of the resonator, L = 1 m). Under
otherwise equal conditions, a hydrogen plasma is not ionized
as extensively as an argon plasma is, so that the relative oscil-
lations of the optical parameters are smaller in the case of
hydrogen (see, for example, the dielectric constant in Fig. 2).
The reflectance is low (in comparison with that of argon),
and the self-pumping condition is satisfied only infrequent-
ly.

The reflectance of a plasma mirror can be increased by
increasing the initial gas density or the initial thickness of the
plasma slab, /, but this approach results in an increase in the
optical thickness of the mirror,

A~ o, olo~nenilo~[)ozlo ’

and an exponential decay of the laser light.

If the self-pumping condition, R (¢)W 2> 1 holds suffi-
ciently frequently during the operation of the plasma mirror,
the light intensity in the resonator will progressively in-
crease. As the intensity increases, there are also increases in
the plasma temperature, the rate of impact ionization, the
velocities of the shock wave, and the energy with which
shock fronts collide. At g_ (¢)>1GW/cm? (A, = 1.06 um),
the reflection increases, and the self-pumping condition is
satisfied nearly continuously: R W 2> 1. The Q of the resona-
tor increases. In this stage of the formation of the pulse train,
the plasma slab serves as a mirror and as an optical shutter
for Q switching. The optical thickness of the plasma slab,
A (¢), which increases as new layers of the gas are ionized, has
an important effect on the shape of the train of laser pulses,
g (t) (Fig. 5). Most of the light incident on the plasma from
the side of the active medium is absorbed.*

When any optical shutter is used, the giant light pulses
produced in Q-switched operation deplete the upper level of
the active medium in a time ~2L /c, and the train is cut off.
In this calculation, the energy stored in the active medium
was assumed arbitrarily large (a linear gain). This assump-
tion leads to a clear picture of the particular features of a
plasma shutter. A plasma shutter has a mechanism of its own
for cutting off a pulse train, and it can do this before the
population inversion is completely depleted. Let us examine
this mechanism in more detail.

In Q-switched operation the light intensity in the reso-
nator, ¢ (¢ ), increases sharply and reaches the threshold for
the excitation of a fast ionization wave.?’ The plasma front
goes from an optical detonation regime to a fast-wave re-
gime. This ‘“‘superdetonation” regime is characterized by a
smooth profile a, (x) against the background of the immobile
gas: p(x) = p,. The absorption of the laser light on this profile
occurs without reflection: The plasma loses its ability to re-
flect, and the resonator disappears. By this time, the popula-
tion inversion in the active medium can be depleted only
partially.
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The expansion and cooling of the plasma are accompa-
nied by its recombination, and the optical thickness of the
slab decreases. If the laser system has mirrors in addition to
the pair M,~M,, the lasing may begin again. A second train
of laser pulses will be generated. This train, like the first, is
cut off either by the plasma shutter or by the depletion of the
upper level in the active medium. In experiments with plas-
ma mirrors, several trains of nanosecond laser pulses are
usually observed.'®-!?

We might note in conclusion that this self-consistent
model can explain all the behavior which has been observed
in experiments with an in-resonator plasma.

I wish to thank S. I. Anisimov and P. P. Pashinin for
useful discussions in various stages of this study.

!)The shape of the signal is not distorted during the amplification, since
the optical system F spreads the intensity g (7) over the surface of the
active element. Over the duration of the lasing, a comparatively small
amount of radiant energy is taken from a unit area, and the amplification
can be treated as linear.

2 A gaseous medium imposes a limitation on the intensity ¢ , . Specifically,
the radiation intensity must not exceed the threshold for picosecond
(many-photon) breakdown of the gas,”® ¢* 2 10'> W/cm?. This limita-
tion rules out consideration of stimulated Brillouin scattering, since the
threshold for this scattering is even higher.?*2*
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