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The problem of the passage of a laser pulse in a medium in the presence of multiphoton ionization 
is solved. It is shown that the accumulation of nonequilibrium carriers in the interaction region 
leads to shortening of the laser pulse and deformation of the intensity distribution over the cross 
section of the light beam. The maximum intensity of the transmitted radiation depends to a large 
extent on the slope of the leading edge of the incident radiation pulse and on the exponent of the 
multiphoton process. The extremal values of the intensity, absorbed energy and concentration of 
the nonequilibrium carriers in the lens caustic are obtained for focused beams. The effect of 
recombination and carrier heating on the dynamics of the light absorption is discussed. 

PACS numbers: 42.65.Jx, 42.60.He, 78.20.Bh 

1. INTRODUCTION 

The passage of a powerful laser radiation through a sol- 
id is usually accompanied by a number of nonlinear pro- 
cesses, which change both the characteristics of the medium 
through which the light passes and the very dynamics of 
propagation of the electromagnetic wave. Among such pro- 
cesses, the foremost is the process of generation of free 
charge carriers on account of multiphoton, impact, and ther- 
mal ionization. Thermal ionization is a very simple and well- 
studied mechanism of such generation, causing thermal 
breakdown of the medium.' However, in the case of nanose- 
cond pulses of radiation of high intensity ( I >  lo5 W/cm2), 
the greatest interest attaches to the mechanism of generation 
due to multiphoton or cascade absorption and impact ioni- 
zation. The concentration of the nonequilibrium carriers in 
this case can be very large and reach values 1017 cm-3 and 
higher. In the case of such densities, the chief effect on the 
propagation of the radiation is provided by the nonlinear 
absorption and by processes of self-focusing by the free carri- 
ers. 

There is interest in the study of the role of nonlinear 
absorption in the dynamics of light propagation. In a num- 
ber of researches (see, for example, Refs. 2 and 3), analysis of 
the light propagation in the medium in the presence of multi- 
photon absorption was carried out by numerical methods. 
However, numerical calculation, as applied to a single spe- 
cific case, does not allow us to explain all the features of the 
given process. 

2. DYNAMICS OF NONLINEAR ABSORPTION IN A PLANE 
LAYER 

The equations of propagation of light radiation in a me- 
dium in the presence of multiphoton absorption, with ac- 
count of the absorption by the free carriers, which take place 
in the process of multiphoton ionization, have the form 

a I 
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(1) 

Here I is the intensity of the light wave propagating in the z 
direction, a, is the coefficient of linear absorption, a, is the 

coefficient of k-photon absorption, N is the density of non- 
equilibrium carriers, a is the cross section for absorption by 
them, .fro is the energy of the light quantum, and T is the 
recombination time of the free carriers. 

The solution of the problem of wave propagation in the 
medium without account of absorption at the charge carriers 
(aN = 0) is well known (see, for example, Ref. 4). However, 
the real process of multiphoton absorption is accompanied 
by generation of charge carriers which begin to absorb effec- 
tively and which change the entire dynamics of propagation 
of the light wave. It should also be noted that for a correct 
determination of the probability of k-photon absorption, it is 
always necessary to solve the complete set of equations (1). 

We estimate which of the last two terms in the first 
equation of the set (1) will play the principle role in the dy- 
namics of light absorption. Recognizing that the carrier den- 
sity is 

a h  
ah j I h d t f  -- N = -  
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we find that a, lk = uNI at At = kCiw/Ia. For light pulses 
I =  lo6 W/cm2, a = lop7 - 10-l8 cm-2 and h = 1 eV, we 
have At = 10-l4 - s. These simple estimates show 
that the principal role in the dynamics of nonlinear absorp- 
tion of a powerful electromagnetic wave is played by absorp- 
tion by the free carriers which are created in the process of 
multiphoton absorption. 

Two extreme cases are considered in here: when the 
duration of the pulse T, is much shorter than the recombina- 
tion time T ,  and the case of fast recombination times T ~ T ~ .  

The latter case will be considered below. 
In the absence of recombination and with account of the 

estimates given above, we obtain a set of nonlinear equations 
that describe the dynamics of light propagation in the medi- 
um in the case of k-photon absorption: 

rlI d 1%' 
- uNI,  -= 

ak 

a z a t PIk, = -. ktio 
For simplicity here, we do not take linear absorption into 
account. 
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The solution of the problem of the passage of light 
through an absorbing medium will be carried out in the thin- 
layer approximation, i.e., it is assumed that the length of the 
sample z, is much less than the diffraction length of the light 
beam Id, and that the initially plane wave front of the beam is 
not distorted by the processes of defocusing. This latter as- 
sumption is valid if the nonlinear phase shift Ap  in a layer, 
due to defocusing, is Ap<ld /z,. In this case, we can assume 
that the light beams pass through the investigated material 
rectilinearly. 

For a specified form Z = Iop (t ) of the pulse of initial 
radiation, the boundary and initial conditions for (2) have 
the form 

Z(0, t )  =zos ( t ) .  N (0,  t )  =gz: J qk( t ' )d t l ,  
0 

(3)  
I ( z ,  0 )  =Iorp ( 0 )  , M(z, 0 )  =O.  

Here I, is the peak value of the intensity of the incident wave. 
Using the substitution u = k ln[I/I& (t )], we obtain 

from (2) the following equation for the function u: 

The solution for an equation of the form (4) was first 
obtained by Liouville. In our case, since Eq. (4) and the 
boundary conditions corresponding to it are symmetric rela- 
tive to the variables z and g, the introduction of a new vari- 
able& allows us to obtain the desired solution, which has the 
form 

I ( z ,  t )  = 
zocp ( t )  

[ I+zr  ( t )  ko~Zoh/2]2/h  ' 

N (z,  t )  = 
( t )  

l+zE(t)  kopI,R/2 ' 

The expressions that have been obtained described the 
space-time dynamics of light propagation, since (5) is the 
solution along the trajectory of light ray, while I, is the dis- 
tribution of the intensity of the beam on the entry surface. 
Attention should be called to the fact that, in contrast to the 
absorption of instantaneous and nonintegrating type,4 the 
absorption of the form (5) does not undergo saturation, and 
at high intensities of incident radiation kuflz{Z,k/2%1, the 
intensity of the transmitted light begins to fall off according 
to the law I m I ;  ' for all forms of the nonlinearity. This 
leads to the result that a dip in the intensity is formed at the 
center of the beam at its exit from the plate. The total power 
of the beam can change very weakly or remain constant upon 
increase in the power of the incident radiation. 

It should be noted that in contrast to absorption of the 
non-integrating type, which leads to a flattening of the trans- 
mitted radiation pulse and its effective broadening, absorp- 

tion of the integrating type produces a shortening of the 
transmitted pulse, its "cutoff." For a determination of the 
time of the cutoff and the peak value of the intensity of the 
transmitted light, we consider the dynamics of radiation ex- 
iting from the plate. For simplicity, we assume that at the 
leading edge of the pulse, the light intensity at the entry into 
the medium increases according to the law I = Z,tm . In this 
case, the dynamics of radiation at the exit from the plate is 
described by the expression 

We note that if at small t (or small I,) the radiation at the 
exit repeats the shape of the pulse of incident radiation p ( t  ), 
at high I, the intensity of the light at the exit will have a 
maximum at the leading edge of the pulse p (t ). It is not diffi- 
cult to obtain the cutoff time t, from (7): 

t ~ m m + i = 2 m ( k m + ~ ) l  ( k m f  2 )  zapIoh, i.e., to , I ;k / (km+t)  , (8) 

and the maximum intensity at the exit: 

Estimates for the exit energy density, obtained in this case, 
give 

( 1 - k ) / ( k m + t )  
U=Ima=t0-Io 

Thus, the exit energy at high amplitudes of the incident radi- 
ation I, begins to fall off and, it appears, a certain I, exists 
which guarantees a maximum energy density of the exiting 
radiation. 

The solution (5) and (6) was obtained without account of 
the linear absorption. By the simple method of substitution 
I = I exp( - a,+) and renormalization of N, we can obtain 
the general solution at a, # 0: 

- 2 / k  

~ ( z ,  t )  =~,cp ( t )  e-"oZ (i-e-kaoz)] , 
(10) 

- t  

N ( z ,  t )  =pIokE ( t )  e-kaoz 

In the analysis above it was assumed that the absorption 
cross section u does not depend on the radiation intensity. 
However, this assumption can be violated, for example, be- 
cause of heating of the free charge carriers in the field of an 
intense electromagnetic wave. We shall not discuss here the 
conditions under which such an effect is significant, since it 
depends on the type of the medium, on the character of the 
scattering of the free carriers, on the frequency of the inci- 
dent radiation, and so on. 

In a number of cases, @(I) can be approximated by a 
dependence of the form u ( I  ) = u q T ,  where y < 1, as occurs in 
certain semiconductors (see, for example, Ref. 5). In this 
case, the solution for the intensity I (z,t )can be obtained in the 
following way. We introduce the new variable 

x=y@ ( t )  a,ppT(t)  1;'' . 

Then I (z,t ) = IN (t )/w2'IY + ), where w(x) satisfies the equa- 
tion 
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The solution of Eq. (1 1) can be obtained, for example, in the 
form of a power series in x: 

- 

w (x) =I+ C c,,xn, 
where the coefficients c, satisfy the recurrence relation 

AnalysisofEq. (13) shows that atx < (1 + k /2y)-' theseries 
(1 2) is convergent. 

It should be noted that the values ofx corresponding to 
the instant of appearance of the cutoff are located in the 
region of convergence of the series (12) under the condition 
ym < 2, where m, as in (7), describes the curvature of the 
leading edge of the pulse of incident radiation. 

The study of the dynamics of nonlinear absorption at 
y 5  1 shows that in general it is analogous to the case 
u = const. Thus, for example, the maximum value of the 
light intensity which can be obtained in passage through a 
nonlinear layer depends on the intensity of the incident radi- 
ation according to the law [compare with (9) ]  

3. DYNAMICS OF THE NONLINEAR ABSORPTION OF A 
FOCUSED BEAM 

We considered above the dynamics of the absorption of 
a non-focused beam. However, in studies of the processes of 
nonlinear absorption, and, in particular, processes of decay, 
high intensities are usually required. These intensities are 
achievable with the help of focusing of the incident light 
beam inside the investigated material. In such a formulation 
of the problem. the question arises so to what maximum in- 
tensities can be achieved in the sample as function of the 
conditions at the input surface, and what is the magnitude of 
the energy release in the interaction region. 

The problem will be solved in the geometric-optics ap- 
proximation, without account of processes of self-focusing 
of the light. Taking into account the initial focusing, the 
equation for the intensity I along the trajectory of the ray 
takes the form 

(16) 

We note that although (15) is valid only in the region 
(R - z) > I, ( I ,  is the length of the region of the caustic of the 
focused beam), it can be used for the estimate of the maxi- 
mum intensity also in the region of the caustic if we set 
z = R - I , .  

Analysis of Eq. (15) shows that the distribution of the 
intensity along the beam axis has a maximum (focus) whose 
position on the z axis is given by the expression 

Zb-L 
- - (k-l)apRZaLE(t) 

( I - < )  2 ( 2 k - - l ) - k 0 ~ R Z : ~ ( t ) .  (17) 

It is seen from this expression that at sufficiently high inten- 
sities of input radiation I, there exists an instant of time t, 
such that at t < t, the maximum of the intensity (the focus) is 
located in the region of the caustic, while at t > t, it begins to 
be shifted toward the entry surface. Under the condition 
aPRI  ,k& (t )>2 the maximum intensity is always located at 
the entry surface. Thus the nonlinear absorptions signifi- 
cantly weakens the focusing of the light and can change ap- 
preciably the maximum values of the intensity in compari- 
son with linear optics. It is obvious that if t, > rO (ro is the 
duration of the leading edge of the pulse), then the absolute 
maximum of the intensity is realized in the caustic at the 
instant of time t zrO and differs little from the value given by 
linear optics. In the opposite case, t, < r,, the effect of non- 
linear absorption is large. We estimate the value of the maxi- 
mum intensity in this case. For this purpose, we assume that 
the leading edge of the pulse has the form p(t ) = tm . From 
the condition dI/dt = 0, we obtain the peak value of the in- 
tensity I, and the time of cutoff to: 

81  21 -=-- O N ~ .  
d z  R-z (14) It is seen from this that the greatest shortening of the 

pulse occurs in the caustic of the lens and the absolute maxi- 
Here R is the radius of curvature of the wave front of the mum intensity is reached there. Thus, within the time of the 
beam at the entrance to the medium. With the help of the pulse 7, the nonlinear focus (maximum intensity along z)  
substitution = I / ( l  - z/R )2 and the introduction of the shifts into the region of smaller z as time passes and leaves 
new variable x = 1/(1 - z/R ) 2 k  - - 1 the system of equa- the caustic of the lens; its absolute value here falls off but the 
tions for and N can be solved by the method described maximum value I is achieved in the caustic of the lens at the 
above. The solution has the form leading edge of the pulse. 
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Since greatest interest attaches to the near-focal region, 
assuming 1 - z/R( 1, we obtain the following value of the 
absolute maximum of the intensity: 

Thus, whereas linear optics yields I,,, = Io(l f/R *)-I, 
in nonlinear absorption, I,,, is determined by the slope of 
the leading edge of the pulse and by the nonlinearity of the 
absorption, and I,,, w [Io(Ic/R ) -'" + 2 ) ]  + I ) .  

Since the processes of nonlinear absorption can be ac- 
companied by a significant energy release, it is of interest to 
estimate the value of the absorbed energy density P. In the 
region 1 - z/R 4 1, we have 

Analysis of (20) shows that in the case of strong absorp- 
tion A { )  1, the maximum of the quantity Pis  achieved in the 
caustic, for all real values of the parametersp and a ,  and its 
value depends on the shape of the pulse and the value of k. 
We give data on the value of the integral in (20) for a bell- 
shaped pulse: 

cp ( t )  = (tlz,)' exp {I- ( t lr , ) ' ) .  (21) 

Upon change of k from 2  to 7, the maximum value of the 
integral changes in the limits 0.6-0.8 while the quantity A,  
which corresponds to its maximum, changes from 25 to 120 
in the same case. Upon further increase in the intensity of the 
incident radiation, the quantity P,,, falls off slightly. 

It should be kept in mind that Eqs. (6) and (7) were ob- 
tained with neglect of processes of self-action, in particular, 
the effect of self-focusing by the free carriers. Estimate of the 
carriers density corresponding to the self-focusing threshold 
can be obtained from the simple relation6~'/&, =: 0 2, where 6' 
is the focusing angle of the incident light and E' is the contri- 
bution of the free carriers to the permittivity of the material. 

4. EFFECT OF RECOMBINATION ON THE DYNAMICS OF 
NONLINEAR ABSORPTION 

The investigations set forth above were performed with- 
out account of the recombination of the free charge carriers, 
i.e.,/31k <N /T. In the case of a plane layer, this condition will 
have the form 

cpv) e ct) >>-. 
l+g ( t )  zka$Zok/2 T 

Analysis of this expression shows that upon increase in the 
quantity zI,k, the effect of recombination manifests itself 
mainly at the trailing edge ofthe pulse p (t ). At the same time, 
the effect of recombination on the leading edge of the front 
q, ( t  ) is much weaker and up to the instant of the appearance 

of cutoff it is determined by the condition t /T< 1 + km/2. 
Here, as in (1 8), m is determined by the slope of the leading 
edge of the pulse. 

For an explanation of the physical meaning of the con- 
dition (22), we carry out the solution for very short recom- 
bination times T < T ~  (quasistationary regime):7 

1st = 
Iocp ( t )  

[ l+kzzopI,kqk ( t )  ] 'Ik ' 

We note that the condition ISIS, is similar to the condi- 
tion (22) and its violation in some region (z,t ) means that in 
this region the effect of the recombination becomes substan- 
tial. 

At small recombination times, we can obtain a general 
solution for the system of equations (1) by the method of 
successive approximations. Taking the first terms of the ex- 
pansion in powers of T into account, we obtain 

N =  !T1?cpk(t) / r  - 
k~ acp/at 

l-tAcpk ( t )  1 q ( t ) [ 1 + A q k ( t ) 1  ' 

where A = kzru/31;. It is seen from these equations that a 
limitation on the intensity, and consequently on the density 
of free charge carriers, occurs for the transmitted radiation. 
The crest of the transmitted pulse is flattened. 

A similar picture exists also in the case of focused 
beams. 

5. TWO-PHOTON LIGHT ABSORPTION IN GERMANIUM. 

As shown in Ref. 8, in the propagation of powerful in- 
frared radiation with A = 2.76p, two-photon generation of 
electron-hole pairs takes place in germanium = 1.3 x lo9 
W-2s-1~m-3). Assuming that the absorption takes place by 
the free holes (u  = 2 X  10-l6 cm2), for a bell-shaped laser 
pulse (21) with duration T, = lo-' we obtain from (5) that a 
germanium layer of thickness 1 cm loses its transparency at 
1,) lo7 W/cm2. At the same intensities, the distribution of 
the density of free charge carriers over the thickness of the 
sample ceases to be uniform and at large distances from the 
entry surface of the sample the density does not exceed 
N = l / a z z  1016 ~ m - ~ .  

We now consider the case in which the radiation is fo- 
cused inside the smaple by a lens with focal length R = 1 cm. 
At a caustic length I, = 2 X ~ m , ~  estimates of the maxi- 
mum carrier density give N,,, = 3/alc -- 10" ~ m - ~ ;  the 
greatest energy-release density in the caustic does not exceed 
P,,, -- 500 J/cm. The values mentioned are reached at an 
intensity of the initial radiation I, > 1.4 X lo5 W/cm2. It 
should be noted that the foregoing analysis was carried out 
without account of the processes of self-focusing at the free 
carriers and their diffusion from the interaction region. The 
effect of these processes also decrease the value of the maxi- 
mum energy release, which means, in turn, the absence of 
damage in the case of two-photon excitation in germanium.' 

Thus, in the present work we have obtained analytic 
expressions for the dependence of the intensity of the caustic 
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of the lens on the intensity of the incident radiation, and 
which also allow the determination of the maximum energy- 
release density and free-carriers density in multiphoton ioni- 
zation in transparent dielectrics. Knowledge of these values 
is necessary, both in the investigation of multiphoton ioniza- 
tion and in the study of processes accompanying it, such as 
laser damage and self-action of light. 

"A similar absence of damage was observed earlier in CdS crystals and has 
also been attributed to the effect of self-focusing."' 
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