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Optical breakdown of molecular nitrogen in a wide range of

pressures near a solid target
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An investigation was made of the conditions for the formation and evolution of a laser plasma near a metal
surface in nitrogen at pressures of 1-140 atm. A neodymium laser (1 = 1.06 i) operating in the spiky regime
with an average power density G = 1-10 MW/cm?® was used in the experiments. A numerical analysis was
made of the characteristics of optical breakdown of molecular nitrogen in the pressure range 10-200 atm. The
experimental data were interpreted on the basis of the results of numerical modeling.

PACS numbers: 52.50.Jm, 52.40.Hf, 42.60.He

1. INTRODUCTION

A low-temperature laser plasma is generally used for
applications in modern engineering and technology at
pressures of the surrounding gaseous medium generally
not exceeding 1 atm. Experiments'-? on a laser plasma
formed near metal surfaces at high ambient pressures
showed that, under these conditions, the plasma has
many interesting characteristics and may be used to
harden materials.!»®* In this context, a detailed analy~
sis of the main laws governing the evolution of a laser
plasma is of considerable topical interest. Of particu-
lar interest are the initial stages of evolution, especial-
ly the optical breakdown stage of the gas, which deter-
mine the subsequent character of the interaction be-
tween the radiation and the material.

Optical breakdown of gases has been the subject of
comprehensive investigations for a long time. It should
be noted that laser-induced breakdown of gases is char-
acterized by many short-lived interdependent and inter-
related processes, giving rise to major difficulties
when this phenomenon is studied.®¢

It has been established experimentally that break-
down has a threshold both in terms of intensity and gas
pressure.” Moreover, the evolution of breakdown is
also strongly influenced by external electric and mag-
netic fields®® and also by the parameters of the laser
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system such as the frequency and pulse duration,’® the
radius of the focusing spot,'* the type of gas and whether
it contains impurities and particles !2:*3

Ideas on two mechanisms for optical breakdown have
now been put forward. Cne of these is based on multi-
photon ionization.'* The other mechanism proposed by
Zel’dovich and Raizer'® is based on the growth of an
electron avalanche. Depending on the spectral range
and intensity of the optical radiation, one of the follow-
ing mechanisms predominates: avalanche ionization in
dense gases { p > 1 atm) at low laser radiation densities
(~1 GW/cm?) or multiphoton ionization predominates at
low pressures ( p <« 1 atm) and high radiation intensities
(~100 GW/cm?). There are also many complex phenom-
ena where both mechanisms are observed simultaneous-
ly or one after the other.5

When a solid target is placed in the focal plane, this
sharply reduces the threshold values of the radiation in-
tensity'®'7 since interaction between laser radiation and
a condensed medium, which is characterized by a wide
variety of effects, gives rise to many factors promoting
breakdown and facilitating its evolution. These factors
include vaporization of the target material,!™® thermi-
onic emission of electrons and ions,'92® shock wave
generation accompanying intensive vaporization and
mechanical damage to the surface,??* and other fac-
tors.
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Under almost all conditions, optical breakdown of
gases is characterized by high concentrations of chem-
ically active particles, excited atoms and molecules,
ions, and so on, and most collisional reactions take
place under highly nonequilibrium conditions. The re-
lationship between the chemical kinetic characteristics
and the hydrodynamic and transport parameters may
then be extremely complex. As a result, too much re-
liance should not be placed on extremely simplified
models and approximate calculations.

A more accurate method of investigating these sys-
tems involves making realistic allowance for all the dif-
ficulties by developing fairly comprehensive mathemati-
cal models and then solving these numerically on a
computer.

Bearing in mind that breakdown of a gas followed by
the growth of plasma formations under the influence of
laser radiation is a continuous process and also bearing
in mind the real capabilities of existing computers, it
is advisable to divide the process of studying the evolu-
tion of a laser plasma into three arbitrary stages. The
first stage involves analyzing the breakdown of a cold
gas by laser radiation at the level of the elementary
reactions. Chemical kinetics and transport processes
are analyzed at this stage. No hydrodynamic processes
take place since the gas temperature is still low.

The second stage involves the formation of a plasma
jet {cloud) which is barely transparent to laser radia-
tion. Allowance is made for the initial stage of gasdy-
namic evolution of the plasma. In many cases, depend-
ing on the pressure and intensity, collisional reactions
are neglected.

The third stage involves the quasisteady-state propa-
gation of plasma discharges and it was investigated in
Refs. 5 and 6.

Using experimental data and numerical modeling
methods, the present paper investigates the processes
during the first stage of plasma evolution: breakdown
of molecular nitrogen near a molybdenum surface by
A=1.06 u laser radiation in a wide range of pressures
p=10-200 atm at low laser radiation power densities
G,= 107-10° W/cm?. In this case, particular attention
is paid to numerical modeling of the process.

2. EXPERIMENT

A neodymium laser (A= 1.086 u) operated in the spiky
regime with a pulse duration 7,~0.5~0.8 msec and an
energy of up to 50 J was used in the experiments. The
average radiation intensity per pulse G, in a focal spot
of radius »,~ 250-300 on the surface of the target was
~10 MW/cm?. In individual spikes of ~1 usec duration
the power density exceeded G,~100 MW/cm?.

The apparatus was described in Ref. 1. Laser radia-
tion was fed into a high-pressure chamber filled with
nitrogen containing the following impurities: O,
<107%%, moisture <5 mg/cm®, H,<103%, and total
carbon-containing impurities less than 107%. Before
the experiment, the chamber was repeatedly scrubbed
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with nitrogen. The radiation was focused by means of

a lens situated inside the chamber onto a molybdenum
plate ~2 mm thick. Processes taking place ingide the
chamber were recorded using an SFR-1 high-~speed
image converter camera operating in the framing mode.

The experimental data showed that the interaction be-
tween the laser radiation and the target depended
strongly on the nitrogen pressure in the chamber. A
severalfold increase in the contamination of the gas
compared with the initial value had no significant influ-
ence on the reproducibility of the effects observed.

The experiments were carried out five or six times at
each pressure.

When the molybdenum target was irradiated at a ni-
trogen pressure of 1 atm, a through hole ~0.8 mm in
diameter was formed in the plate. The jet of the eject-
ed material had a low luminosity, its diameter was
small, and its length was ~1.6 cm.

When the pressure was increased to 10 atm, a small-
er-diameter (~0.5 mm) through hole was drilled in the
target. A “halo” of crystallized metal was observed on
the surface of the plate around the edges of the hole.
An image converter photograph of the process showed
that intensive vaporization of material took place from
the target surface. Approximately 0.3 msec after the
beginning of the pulse, breakdown occurred in the tar-
get vapor and the brightness of the jet reached its max-
imum. The size of the zone of thermal interaction
around the hole in the plate was ~1.4 mm.

When the pressure was increased to 30 atm, ejection
of target material decreased appreciably. A shallow
crater was formed in the target rather than a through
hole. The velocity of the plasma front was ~10 m/sec.
The jet was approximately cylindrical with a maximum
diameter of ~0.6 and a height of ~1 mm. The plasma
jet was formed above the surface within approximately
0.1 msec.

When the nitrogen pressure was increased to 50 atm,
a black interaction zone with a fused region at the cen-
ter was formed on the surface of the target. Negligible
ejection of material occurred and the diameter of the
interaction zone was ~0.5 mm. A plasma jet having
clearly defined boundaries and a highly luminous re-
gion at its front was formed above the surface.

In the pressure range 60-90 atm, negligible fusion
occurred and the diameter of the interaction zone was
0.4-0.5 mm. As the nitrogen pressure increased, the
plasma jet became spheroidal. Formation of the plas-
ma jet took place approximately 30-50 usec after the
beginning of irradiation.

At pressures higher than 100 atm, there were almost
no traces of fusion. The thermal interaction zone dif-
fered in color from the rest of the surface and its di-
ameter was ~0.3 mm. The luminosity of the plasma
front was extremely high compared with the rest of the
cloud. Within 200 usec the brightest region had shifted
to the center of the jet and by the end of the pulse, its
luminosity was higher than that at the periphery. The
propagation velocity of the plasma front was ~5 m/sec.
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These experiments demonstrated that at pressures
higher than 60 atm a plasma forms under conditions
such that vaporization processes are strongly sup-
pressed and the molybdenum vapor cannot play a de-
cisive role in the gas breakdown mechanism.

3. THEORETICAL ANALYSIS AND DISCUSSION
OF RESULTS

A physical model of breakdown will be used as the
basis of a mechanism for thermionic emission of elec-
trons from the surface of a molybdenum target and
evolution of an electron—ion avalanche in a dense gas
under the influence of laser radiation. The high pres-
sure of the surrounding medium decreases electron dif-
fusion and “shifts” the boiling point of the metal toward
higher values. As a result, at high pressures the sur-
face of a target heated to high temperatures is not dam-
aged but a fairly high electron density is found near the
surface, its value being governed by the emission prop-
erties of the target and by the space charge potential.
On entering the gas, the thermonic electrons acquire
the energy needed to ionize the neutral particles as a
result of bremsstrahlung absorption of laser radiation
in the field of the ions and neutrals. Subsequently, evo-
lution of the avalanche takes place in accordance with
classical concepts.'®

The first attempts at numerical modeling using the
proposed physical model®® showed that, in principle, it
should be possible for an avalanche to develop at pres-
sures higher than 100 atm and laser radiation intensi-
ties higher than 100 MW/cm?.

We shall make a numerical analysis of the conditions
and characteristics of the evolution of optical break-
down in molecular nitrogen over a wide range of pres-
sures and, by comparing the results with the experi-
mental data, we shall determine the range of validity of
the proposed physicochemical and mathematical models.

The evolution of an electron avalanche in molecular
gases is characterized by complex collisional reaction
kinetics. The present model considers chemical kine-
tics and transport processes taking place simultaneous-
ly in the atomic and molecular components of the gas.

Allowance was made for the following reactions taking
place in nitrogen: electronic excitation and electron-
impact deexcitation of atoms and molecules, N+ e
=N*+e¢, N,+ e=NJ+ ¢, electron-impact vibrational
excitation of molecules, N,+ ¢ ~NJ + e, thermal disso-
ciation and electron-impact dissociation N, + N, ~2N +
N,, N,+ ¢ =2N+ ¢, association reactions N, + 2N =N
+ N,, N+ 2N—NJ + N, ionization of atoms and molecules
from the ground and excited states and three-body re-
combination N+ e=N*+ 2¢, N*+ e=N'+ 2¢, N,+ e
=N;+ 2e, N+ e =Nj+ 2¢, associative ionization of
atoms N+ N—N;+ ¢, and dissociative recombination N3
+e=2N, Nj+ e~ 3N, N;+e—~2N,. Cf the various trans-
port processes, allowance was made for diffusion and
drift in the space charge field of the charged particles
N,, N; (the expressions for J; and J), and for the ther-
mal conductivity of the electron gas and heavy particles
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described by the diffusion terms (8/2x)» (8T,/2x) and
(8/0x)n (8T / 8x).

These reactions are described by the chemical kine-
tics Eqgs. (1)~(9) (see below). A more detailed descrip-
tion of collisional reactions and their rate constants
was given in Ref. 24. An analysis of collisional reac-
tions showed that the rate constants are functions of
three temperatures: the translational temperatures of
the electrons T, and heavy particles T,, and the vibra-
tional temperature of the molecules T,. Thus, the sys-
tem of kinetic equations is supplemented by three ener-
gy balance equations (10)—(12). Allowance for inelastic
electron energy losses in the molecular component of
the gas was made using the experimental coefficient
5(#%) (Ref. 25), which is the factor by which the total
electron energy losses as a result of inelastic collisions
exceed those due to elastic collisions. The space
charge field is described by the Poisson equation (13).

The mathematical formulation of the problem in the
one-dimensional three-temperature approximation fi-
nally takes the form

DE (kN> — BT NTNY Ne— (kiN2 — BiN3) Ne— (kN Nz — BNTINe

RSN N2 — BSNT Y N3 — kaNoN, — (kaNo — kaN®) N + kaN® -+ 20, NT N,
o (1)

N C e . .
o (BN — BINS) N, — (B3TN: — BINTN) Ne— kaNoNs (2)

aNj— N gt ot Ayt »_( £N+Nn
_aT'_:(ngg—_.ﬁgNgNe)Ng—}‘(kz NZ—b'JNZNg)Ne kiNINo

, 8T
< BENT) Na— aoNF N, - kN — 2 3)

arf

+ , . .
O (KNFN2 — BNDIN2 — aiNTN 5 (4)

ox
O RSN+ (ka (N2 + N3) — kaN°) N* — KN° = (R¥N — BTN N,)

XNy — (£"N —B'N'Y Ne — kaNN =+ 205NF N, 3azNiNe: (5)
WL — (R*N— B*N*) N, — (R**N*— B*N*NJ N.; (6)

‘3",‘;* (AN =B NTNY N+ (BTN — pTNTNIN.

— (BN TNy — BSNT) Ny — ";: ; (7
owt . alt .
i — (RSNTN — BINT) N — oI Ne— 57 (B)

Mo _ (kN — BENSN o (65 N5 — BINTN N,
(TN —BENTN NG
(BN — BINTNIN, + (kNN — asNTN,)

— aNFN, —asNTN, — gi ;

4neG _
me (0% 4 vZ,)

(9)

3 @ ' 3
2 T(NCT"’) =( ' & (Te - Tg) )(vei + \’en)Ne )

(“mc_(:)zi:a—") — 30 (T, — Tg)>(v?.~ V) N — T (BN — BTNTN) Ne
— RN = BN N, = I*+ (AN = BN N N, & oty T
(10

B NaTe) = A(Te = T) (vec £ ven) Ne -+ 23 {Te — Tg) (5% + V)N,

+ T (KNS N — BINT) Na -+ (BN Ny — BNTY VD) 4+ 2 g 2 T (11)

B e
7at_ (NoTy) = fay k" NoN o — L{(kaN2 — kaN’) Ny — KEN®): (12)
au e . ]
ot =T(Ne"§lN}‘")’ E= —gradU, (13)
Mazhukin et a/. 575



.79=epgNeE +eD. grad N,;
JF —epNFE —eDigrad N

A=m/M; Ng=(N-+N"+ N+ N;+ N"+ Nf = NF + NT)
Vet =(Ven +Vei)i  B** =P+,

The surface temperature and the thermal electron
flux were defined at the left-hand boundary x = 0:

N, t A
D,T=BT2exp(— ‘P_;-W‘ ), SN =0,

. i i=1

At the right-hand boundary x = L, the boundary condi-
tions were defined in the form of relationships linking
the fluxes and their functions:

0N, 1 oNt 1 ‘
De‘-‘a;— = =5 UelN,- Dy 0; Sl AT
., _9T. 1 oT .
o = g 0N Tor % G e NG Ty,

when U= 0. The following notation is used: N, N*, N,,
N¥, NJ, N*, Nj, N;, N;, and N, are the charged and
neutral particle densities; k and a are the rate con-
stants of the direct reactions; 8 are the rate constants
of the reverse reactions; w= 27v is the laser radiation
frequency; G, is the fraction of the laser radiation ab-
sorbed by the surface; G=(1+ R)G,; v, and v, are the
thermal velocities of the electrons and heavy particles;
Vi, v, v, and v, are the frequencies of collisions
between atomic ions or neutrals (index a) and molecu-
lar ions or neutrals with electrons; D,, D, u,, and u,
are the electron and ion diffusion coefficients and mo-
bilities; »_ and » , are the thermal conductivities of the
electrons and heavy particles; g and A are the thermal
diffusivity and thermal conductivity of molybdenum; ¢
is the work function; ¢, = eU is the additional work
function produced by the space-charge field; U and E
are the potential and intensity of the electric field;

R =0.2 is the reflection coefficient.

The procedure described in Ref. 26 was used to ob-
tain a numerical solution of the system (1)~(13). Cpti-
cal breakdown was modeled numerically in the pres-
sure range 10-200 atm for a laser radiation intensity
G,= 0.9 GW/cm?.

We shall analyze a general system for the evolution
of breakdown at a nitrogen pressure of 100 atm (Figs. 1
and 2).

Optical breakdown is taken to be that state of a ma-
terial when the electron temperature 7, increases
sharply in a certain local region, causing avalanche-
like ionization and, as a result, an increase in the tem-
perature of the heavy particles T,. A local region of
intensive laser radiation absorption is formed.

Under normal conditions, nitrogen is transparent to
laser radiation with the quantum energy hv=1.17 eV
and the total flux is incident on the target surface from
the right. In this case, some of the flux RG, is reflect-
ed and the rest G,= (1 - R)G, is absorbed. Thermionic
emission is initiated from the surface of the target. In
elastic collisions with gas molecules over the time ¢
~ 0.2 nsec the electrons acquire the energy 7,= 1.1 eV
in the laser radiation field. Under the influence of
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FIG. 1.

thermionic emission, a space charge is formed near
the surface, its potential U impeding electron emission
by generating the additional work function ¢,. When the
space ¢harge potential reaches U~3 V (=2 nsec), elec~
tron emission from the surface ceases. The electron
density in the region x < 0.4 u reaches N, =2x 10'® ¢cm™
and the surface temperature is 0.34 eV. This spatial
distribution of N, may be considered to be the initial
electron density. In spite of this high electron density,
breakdown of the gas does not occur in this time inter-
val. All the phenomena in the radiation zone are gov-
erned by collisions in the molecular component of the
gas. Ionization of the molecules takes place compara-
tively slowly as a result of the insufficiently high elec-
tron energy, which is limited by inelastic losses the
coefficient &T,) decreases rapidly with increasing tem-
perature. The atomic density is still low due to the
low vibrational temperature T,~0.3 eV (see Fig. 2},
which determines the degree of thermal dissociation
(the rate constant g, is a function of the vibrational
temperature??).

The main dissociation mechanism at vibrational tem-
peratures T,< 0.6 eV is electron impact dissociation.
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It has been established®” that the transfer of electron
energy to the vibrational degrees of freedom in molecu-
lar nitrogen is extremely rapid. As a result, the ener-
gy acquired by the electrons in the laser radiation field
is mainly dissipated in vibrational excitation of the
molecules. Since the reverse process of deexcitation is
negligible in the nanosecond range and, in addition, the
vibrational energy is further supplemented by the ther-
mal association reactions N, + 2N = NJ+ N,, N+ 2N

~ N+ N, the vibrational temperature may exceed the
electron temperature in a certain time interval.

By the time #=3 nsec, the value of T, at the point
x=0.4 p reaches 3 eV (T,=1.2 eV, see Fig. 2). Vigor-
ous thermal dissociation of the gas takes place, reach-
ing ~90% at /=4 nsec (see Figs. 1 and 2). At this point,
collisional processes in the atomic component of the
gas become a decisive factor. The electron tempera-
ture at the point x = 0.4 p is governed by electron—neu-
tral and electron-ion collisions in the atomic gas. An
increase in the ion densities N* and N; increases the
collision frequency v, and when the frequencies
ve,~vi become equal, the temperature T, increases,
intensifying the ionization process and also causing a
further increase in v¢, and T, i.e., evolution of an
electron—-ion avalanche is initiated. The ion density N*
increases and becomes equal to the electron density N,,
which decreases the potential U in this region. The
electric field becomes self-consistent and the diffusion
becomes ambipolar.

The end of the breakdown stage is determined by the
attainment of the maximum electron temperature at the
breakdown point. The temperature 7, reaches its
maximum T, . = 1.79 eV at the point x = 0.4 u at the
time ¢ = 4.35 nsec when N,~N*=3x10'® cm™ and T,
=~ 4.5 eV. Subsequently, under the influence of diffusion,
the breakdown zone is shifted to the right, in the oppo-
site direction to the laser radiation. An increase in the
electron density N, promotes more efficient energy
transfer to the translational degrees of freedom of the
gas. The temperature T, increases to 0.4 eV in the
breakdown zone; at this point the calculations were
terminated since it was then necessary to allow for gas-
dynamic expansion of the gas, i.e., to study the next
stage of evolution of the laser plasma.

During breakdown the temperature of the surface
reaches 0.45 eV which is close to the boiling point of
molybdenum at a pressure of 1 atm. This suggests that
at pressures of 100 atm no strong vaporization pro-
cesses will occur.

Calculations made to determine the threshold radia-
tion intensity needed for breakdown showed that it lies
in the range G,= 0.4-0.5 GW/cm®. At lower values of
G, the average electron energy does not rise above 0.7
eV, which is insufficient both for multistage ionization
and for efficient excitation of vibrational states re-
sponsible for thermal dissociation.

Under these conditions, molybdenum vapor cannot
have a decisive influence on the process. This is con-
firmed by estimates of the condition which must be
satisfied for the evolution of an electron avalanche
(ionization from the ground state)'”:
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FIG. 3.
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where (d%/dt)52* is the maximum rate of energy losses
as a result of elastic collisions.

From this condition the threshold radiation intensity
for molybdenum is G, > 6x 10%/24>0.4 GW/cm?; A
=95.95; I="7.1 eV; A=1.06 p.

Thus, the laser power density needed for the evolu-
tion of an avalanche in molybdenum vapor is approxi-
mately the same as that for nitrogen at a pressure of
100 atm although the vaporization processes develop
considerably later than thermionic emission. Thus, the
presence of molybdenum vapor at high pressures can
only intensify an avalanche process already initiated in
nitrogen but cannot cause it.

For comparison with the experimental data, break-
dpwn was modeled numerically for various pressures
(Figs. 3-5).

Figure 3 shows the spatial distributions of the funda-
mental particle densities, temperatures, and the elec-
tric field potential at a pressure of 200 atm. It can be
seen that the breakdown zone is compressed (x,, = 0.25
4), the maximum electron temperature is increased
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FIG. 5.

(T,= 2.1 eV), and the breakdown time is also increased
(¢, = 5.6 nsec).

When the pressure is decreased to 30 atm (Fig. 4),
the breakdown point becomes further from the surface
%, = 4 1 as a result of the increased role of diffusion
processes, and the maximum electron temperature de-
creases T, .. = 1.6 eV as a result of a decrease in the
collision frequency v?,. The breakdown time is /,.= 6.1
nsec.

When the pressure is reduced to 10 atm, no clearly
defined breakdown zone is observed (Fig. 5). Although
the electron temperature is slightly increased in the re-
gion x~12-15 u, (T, ..~ 1.4 eV), this is insufficient for
the growth of an avalanche. As a result of the high dif-
fusion losses, the condition v?, >v? is not satisfied.
The maximum ion density )34 N}=7x 10'” cm™ is appre-
ciably lower than the electron density N,~5x 10'® cm™.
On the other hand, the surface temperature increases
to 0.7-0.8 eV?) and this evidently causes intensive va-

porization of the target material.

Thus, optical breakdown of molecular nitrogen due to
thermionic emission phenomena may be expected at
pressures p > 30 atm. At lower pressures, for exam-
ple, at 10 atm, the breakdown time increases appre-
ciably and this increases the possibility of vaporization
products being formed in the irradiated zone. More-
over, the threshold intensity needed for breakdown of
nitrogen exceeds G,~1 GW/cm? which is substantially
higher than the threshold values for breakdown of moly-
bdenum vapor. These resuits are readily confirmed by
the experimental observations.

Damage to the surface of the target observed ex-
perimentally at p = 30-50 atm does not eliminate the
possibility of breakdown in nitrogen, since this damage
may be due to the thermal regime of the plate at the
later gasdynamic stage of evolution of the plasma near
the surface.

Experimental investigations of optical breakdown in
pure nitrogen in the absence of a target” showed that the
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pressure dependence of the threshold radiation intensity
Gy{ p) has a clearly defined extreme character with a
minimum at 102 atm.

Figure 6 shows dependences of the breakdown time
t,., the distance from the target surface to the break-
down zone x,,, and the maximum electron temperature
T max OD the pressure p for a constant layer radiation
power density G,~0.9 GW/cm?. The curve ¢, (p) shows
good qualitative agreement with the experimental curve
G,.(p) (Ref. T), and has the same extreme behavior with
a minimum near 100 atm, i.e., for a constant value of
G, the most favorable conditions for breakdown are
found near 100 atm. As the pressure decreases, the
role of diffusion processes increases, the electron-
neutral collision frequencies v} and v, decrease, and
the electrons have to cover a substantially greater dif-
fusion path before they acquire an energy of the order
of 1 eV and the condition v¢, > v/ is satisfied. Thus,
the breakdown time and the distance from the break-
down zone increase and the maximum electron temper-
ature decreases.

As the pressure increases, the collision frequencies
increase, energy is acquired more rapidly by the elec-
trons, and their diffusion path becomes shorter. As a
result, T, . increases and the breakdown time and
distance from the breakdown zone decrease.

However, if the pressure is too high (p > 100 atm),
the breakdown time increases as a result of the deteri-
orating conditions for acquisition of energy by the elec-
trons at the initial stage of evolution of the avalanche
(the condition w?> 2 becomes u? >1?), when elec-
tron—-neutral collisions predominate (v2,> ug,), and also
since it is more difficult for the breakdown condition
vZ,> V5" (N, ,~0.008N) to be satisfied because a larger
number of neutral particles must be ionized; this re-
quires a longer time, exactly as for the evolution of
breakdown after the attainment of the maximum temper-
ature T, .

Attention is drawn to the monotonic increase in the
curve T, . (p) which suggests that at pressures higher
than 100 atm, the condition for acquisition of energy by
the electrons as a whole does not deteriorate. From
this it can be concluded that optical breakdown in nitro-
gen at pressures p >100 atm can always be observed
for a value of G, corresponding to the minimum of the

curve G, (p) if the laser pulse duration is not limited.

We shall estimate the role of various reactions in the
evolution of breakdown.
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Calculations showed that the most important reac-
tions for the initiation of breakdown in nitrogen are vi-
brational excitation, dissociation, and multistage ion-
ization.

Conversion reactions cease to be important at T,
~0.2 eV. Dissociative recombination processes involv-
ing molecular ions and clusters play an important role
in the molecular component of the gas, determining the
particle densities N3, Nj, and Ni. As a result of their
high rates (the rate constants are of the order of 1078~
107® cm®/sec), these reactions limit the evolution of
breakdown in the molecular component of the gas.

Under the conditions of the problem with an electron
source, reactions involving ionization of atoms and
molecules from the ground state make no appreciable
contribution and may be neglected.

We shall discuss in greater detail the role of associ-
ative ionization of atoms N+ N—~N;+ e¢. In Refs. 28 and
29 it was postulated that under conditions similar to
those studied, associative ionization plays an extremely
important role and is the main breakdown mechanism.
In these investigations it is assumed that in a gas heat-
ed by the surface of the target to a temperature of 0.4
eV, the number of charged particles formed as a result
of associative ionization is sufficient for a process
similar to a thermal explosion to take place in the gas.
We shall give the rate equation for the N+ N=N;+ ¢
reaction:

dNT Al BoNN — o NT No-

From Refs. 30 and 31 we have k= 2.7x 107 exp(-5.4/
T,) cm®/sec and a, | Tf“ev:lO'8 cm?®/sec.

Assuming that N3 ~N_, we shall use the steady-state
solution of the equation dN;/dt = 0 to determine the
maximum value of the function N3~10°% cm™. This
charged particle density is insufficient for the growth of
an avalanche or for the initiation of processes similar
to a thermal explosion since under these conditions, the
gas is completely transparent to laser radiation.

Associative ionization can evidently play an appreci-
able role under conditions when the gas temperature is
high (ng 1 eV) and there are few free electrons. Under
the conditions of the problem with an electron source,
associative ionization can be neglected.

We note the main features of breakdown of a dense
molecular gas by laser radiation.

a. Optical breakdown in molecular nitrogen develops
under conditions when the gas is almost completely
converted to the atomic state. This means that the
mathematical model (1)~(13) can be used as a standard
for rougher approximations. Using only kinetic equa-
tions for the atomic component for numerical model-
ing?® gives qualitatively correct results.

b. The characteristic breakdown times and threshold
laser radiation densities can be used to interpret break-
down observed experimentally as breakdown in a laser
radiation spike.

c. At high pressures a metal target functions as an
electron source. From this it follows that the break-
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down process is relatively insensitive to the presence
of impurities since their contribution is appreciably
smaller.

d. Electron and heavy particle heat conduction pro-
cesses only play a part at the initial stage of establish-
ment of the temperatures T,and T,.

e. The electric fields induced by the space charge
are weak, i.e., they do not cause distortions of the
Maxwellian distribution function and thus they need not
always be taken into account.

f. The condition for the appearance of an avalanche
is that the Coulomb collision frequency should pre-
dominate over the electron-neutral collision frequency
and this is reliably satisfied when)33  N;~0.008(N+ N*
+ N, + NJ).

DThe model (1)—(13) neglects phase transitions in the moly-
bdenum target so that the real temperature of the target is
lower.
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Optimization of laser amplifiers with spatial filtering.
IV. Deformation of pulses in laser amplifiers

V. V. Lyubimov and L. V. Nosova

(Submitted May 7, 1981)
Kvantovaya Elektron. (Moscow) 9, 917-924 (May 1982)

Gain diagrams are used to study pulse deformation which must be allowed for in the case of series connection
of amplifying stages. The concept of an effective pulse duration is introduced. This concept is used to estimate
the maximum breakup integral and to determine the optimal parameters of series-connected amplifying stages

in the case when the breakup integral is constant for each stage.

PACS numbers: 42.60.He, 42.60.Da, 42.60.Kg, 42.60.Fc

Construction of large facilities for studies of con-
trolled laser fusion'"**! has made it necessary to con-
sider the problem of the efficiency of extraction of the
energy stored in the active medium, which requires
operation in a nonlinear amplification regime. It is
then necessary to allow for the deformation of pulses in
amplifying stages'? because the efficiency of a thermo-
nuclear reaction in a laser plasma is extremely sensi-
tive to the pulse shape.?® Moreover, allowance for the
deformation of the pulse shape (particularly for its
broadening) is essential in the case of series connection
of amplifying stages in each of which the breakup inte-
gral (2mn,/n}) [ J(l)dl should not exceed its permissible
value.®

We shall use gain diagrams® and the method described
in Ref. 6 to analyze the deformation of a pulse in an
amplifying stage and we shall show that our earlier re-
sults? can be used to determine the optimal parameters
of the whole chain of amplifying stages.

1. MAXIMUM VALUE OF THE BREAKUP INTEGRAL

The breakup integral should not exceed a certain per-
missible value so as to ensure the absence of small-
scale self-focusing in each of amplifying stages con-
nected in series. In the absence of pulse deformation
the maximum of the breakup integral is attained at the
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moment of maximum intensity of the input (and also
output) pulse. If deformation occurs, the moments cor-
responding to the maxima of these three quantities—the
intensities of the input and output pulses and of the
breakup integral—generally do not coincide.®® The in-
stantaneous value of the quantity [ J(I,?)d!, which
governs the breakup integral, can be calculated using a
formula introduced in Ref. 6:

v o7 Jin () Eout () —E; ou — b

W dl=—g0 Et; ’;n({;m)_mp(t_) = JEO.:'%E;I((E?,.,, >E~'—"pw (1)
where J(t) is the power density; E(#) = [t _J(7)dT; n(E)
is the saturation coefficient®; % is the gain of the active
medium; p represents the losses. In estimating the
breakup interval we can usefully introduce the concept
of an effective pulse duration 7(¢) = E(¢)/J(f), determined
at that moment in time when the breakup integral is
maximal. The convenience of this definition of the ef-
fective pulse duration is related to the fact that the for-
mula deduced earlier® for the instantaneous value of the
output power density

Jout ()
Jin ()

E out (1) 151 (E out) —p] 2
Ein (O 12 (Ein) —p] (2)

determines the change in the effective duration between
the input of an amplifying stage and its output:

Tout ___kn(Ein (t*) —p (3)

Tin M (Eout (F*))—p
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