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There is considerable interest in nonlinear effects in gases on radiation absorption~ 
The refractive index is affected and this governs laser beam propagation [i]. The radiation 
frequency governs the type of internal motion excited. For example, IR radiation is absorbed 
by vibrational-rotational or purely rotational transitions. The main mechanisms whereby the 
refractive index is altered on vibrational excitation have been considered in [2-4]. No such 
analysis has been performed for absorption in rotational bands. Many of the frequencies 
radiated by a CO 2 laser are absorbed by purely rotational transitions in H20 [5, 6], and it 
is assumed that the absorption at 9.4-10.6 ~m by water vapor causes heating and thus reduces 
the refractive index and results in a divergent thermal lens in the beam channel [7, 8]. It 
has recently been shown [9] that a temporary temperature reduction can occur when there is 
absorption on a rotational transition. Here we consider the changes in refractive index for 
molecular gases showing absorption on transitions between rotational levels of the ground 
vibrational state, from which we deduce the conditions for the formation of a focusing lens 
in the beam channel. 

We consider molecules in the ground electronic and vibrational states, while the fre- 
quency of the input radiation v I is in resonance with the center of the absorption line for 
the m § n rotational transition, where the state energies are E m and E n (E n > Em) correspond- 
ingly: v I = (E n - Em)/h + 5v. Here 5v = v I - Vnm , while ~nm is the frequency corresponding 
to the line center for the absorbing transition and h is Planck's constant. ~le refractive 
index n is governed by the resonant part ~nm of the molecular polarizability and the nonreso- 
nant (static) part s 0 [i0]: 

n - -  t = 2nN(~o + R e ~ m ) .  ( 1 )  

The imaginary part of anm is related to the absorption coefficient k v [ll]: 

~IH ~ n m  , , r = ckv: (a'-vx5)' ( 2 ) 

in which c is the velocity of light in vacuum, N = 0NA/g, p is gas density, ~ molecular 
weight, and N A Avogadro's number; k v is [12] defined by 

a exp ( _  y~) d y ,  o,~rn 
H ( x ,  a)  = - - f  a 2 @ ( x  - -  y)2 4 g b  D ," n " 

Here a = bcVl~/bD; x = 2Av~in2/bD; %nm = C/Vnm, while b c and b D are the collisional and 
Doppler line widths at half height, Anm is the Einstein coefficient, gq (~ = n, m) is the 

degeneracy of state q, and Nq the molecular concentration in that state. We use (2) with 

(3) and the Kramers-Kronig formulas to get [13] 

( 3 )  

Re cz.m = n ~  S.mH.m (x, a, G), 
4 ~ 8 P N A b D  

(4) 
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; [(~o-- g) (x--y)  -- a 2] exp(--yS) dy, 
H ~ ( x ,  ~, ~o)-- [(~o _ ~), + ~]  [(x_ v? + ~] 

- - o o  

in which ~o = 2V~Vnm/bD, while no is the refractive index for the unperturbed medium. 

From (1) and (4) we represent the refractive index change 6n = n - n o as 

6 n =  6np + 6 n  a, 

6no ~ (n o - -  l), 6nR '~~ 6S.m. 
PO ~ 2~2 b-"-----D 

(5) 

This shows that 6n may be calculated if one can determine not only the change in density 
but also the changes in the populations in the absorbing-transition levels. We perform the 
analysis for pulses whose length ~p satisfies max(~, ~t) << Tp << min(~T, TF, ~c) in which 

~, ~t, IT, TF, and ~c are the characteristic times for polarization relaxation, translational 

relaxation, thermal conduction, diffusion, and convection. To determine the state of the 
mediumunder irradiation, we use the hydrodynamic equations for a nonviscous gas with zero 
thermal conductivity. We also assume that 

~p 

5 ku << PHo , 
0 

in which I is the radiation intensity and H 0 is the specific enthalpy. The hydrodynamic 
equations can then be linearized. We neglect the density change due to striction and the 
temperature change arising from the electrocaloric effect (with the parameters used here, 
those effects are small and do not influence the essence of the treatment), when the equa- 
tions for 6p and 6T become 

(+2 ) 
7 ?  - -  c~A. 7i-e 6p = (cz - -  t) Aj.Q; 

a6T B - a6p 
p~ at ~t To -~F = Q, 

de r 

,-;-,~.-R A• I o (r_gToO) 
cr  t + ~.  v r ar 

(6) 

(7) 

Here c o is the speed of sound in the medium, R the universal gas constant, e r the rotational 
energy of the molecules in unit volume, and RCr/~ the rotational specific heat. 

We determine 6p for two limiting cases. We introduce the variables t' = t/~p and r' = 
r/a (a is the characteristic beam radius) and combine (6) and (7) to get 

(8) 

in which ~s is the propagation time for sound waves along the beam radius (x s = a/c0); p' = 

6p/p0; T' = 6T/T 0. 

Let ~p << T s, and then with p'(t = 0) = 8p'/St (t = 0) = 0 we get from (8) that 60 ~ 

(Tp/Ts) 2 and 60 + 0 for ~p/~s + 0, so 6n = 6n R. Now let ~p >> ~s, when (7) and (8) imply 

6p/p 0 = -6T/T0, p0~Cva6T/at = Q. Then one determines 6n along with 6n R and the temperature 
change: 

6n = --(6T/ro)(no -- i) + 6n~. (9) 
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Now let the rotational relaxation time ~R be greater than <t, which occurs for a gas in 
which the molecules have large rotational quanta (H20 , HF, HCI, H2S , etc.). Then one can 
consider the rotational kinetics on the basis of equilibrium for the translational degrees 
of freedom, while the equations describing the numbers of particles in the various rotational 
states m, n, k (k ~ m, n) can be put [12] as 

" dt ~1 ~ . / V m - - X n  -~ . F?  @ Fs%k; (10) 

dNndt "cTl ( gnT~mNm- TVn) "7-ZFY ' ~ ~'nk" 
- -  = T~* ~p, ( i i )  

, ) 

dNh hq 
J q 

Here ~i -z = Wnml/hvl; Wnm = onmH(x , a), while Fjq is the term responsible for the collisional 

relaxation of molecules in state q during rotational-rotational R-R and rotational-transla- 
tional R-T exchange, while Fspkq is related to the spontaneous decay of state k. As e r = 

~EjNj (Ej is the rotational energy of a molecule in state j), we use (10)-(12) to get the 
J 

equation describing the temperature change in the beam channel as 

PoCT dT Avk I - -  (ib R - -  (I:)sp, 
dt ~I ~ 

*R= E EiEF}, ~sv= E EiEF~, 
i=n,m,k j i:n,m,h q 

(13)  

For ~p << ~s we have C T : C V and for Tp >> ~s we have C T : ~C V. Let [kvhvlI >> viI~ R + %pl, 
which is so for ~I << hAvmin(TRJ/Ej) , in which ~R j = {~RRJ, TRT j, ~spJ}, and ~RR, TRT, and 

Tsp are the characteristic times for R-R and R-T exchange and for spontaneous decay. Here 

the gas is cooled when the radiation is absorbed (k v > 0) if Av < 0. As the intensity in- 
creases in an inverted medium (k~ < 0), cooling will occur for Av > 0. That mechanism for 
cooling on absorption has been analyzed [9] for vibrational-rotational and purely rotational 
transitions in molecular gases. One can solve (13) with (10)-(12) for each particular gas 
mixture only by numerical methods, but if the numbers of particles in states m and n are con- 
served, (10)-(12) and consequently (13) will allow an analytic solution in fairly general 
cases. That condition is met by a two-level model for rotational relaxation, for which the 
equations follow from (i0) and (ii) for TRnm << ~R mk, ~R nk. In that case, we have the inter- 
val (Tt, TR nm) that 

d~ "~r_ "~-mNm--Nn +T~ i Nn----~mNmexp ----g-f-]j + A~,~Nn; (14) 

d---? = --~m Nrn-N~ --T;i An--T~mNmexp\----f-f-/J--A'~mN~" (15) 

Here T R is the collisional R-T relaxation time, K is Boltzmann's constant, and &Enm 
E m. The solutions to (14) and (15) are 

Nm = -/- + A .~ -- exp (-- AT); 

A =  t+-~-~ -~-x +A, ,m'cR@l+-~exp ---'Uf-]' 

B =  (N~ + N~ + Anm~n + ~-a/~I) (N o = Nq(t= 0), T= t/~n). 

= E n - 

(16): 

(17) ! 
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We use (16) and (17) to get 

We now determine the temperature change on the basis that the states m and n have non- 
equilibrium populations in the range (~t, ~R nm) in this model. The specific heat is 

CV' = CV 9 T2 j = m , n  

(i8) 

in which (R/B)Cr e is the specific heat due to the rotational degrees of freedom in equilib- 
rium with the translational ones (Cr e = 1 for linear molecules and Cr e = 1.5 for nonlinear 
ones), N A Avogadro's number, 7k the molar fraction of the absorbing component in the mixture, 
and Z r the rotational sum. 

We integrate (13) with (16)-(18) to get for 6T = T - T o that 

�9 n [ (  gn) B ( N ~ 1 7 6  poCTST = hvl -~i "1%- "Tin "~ 

["~'-~-f -7- gin/ \-X ---AT~ [1 -- exp (-- A~)]. 
(19) 

For AnmT R << I, which applies for not very low densities, (19) implies that 617 < 0 only if 

T I 

Nen = gn N ~ exp (-- AEnm/KT). 
(20) 

If Nn ~ = Nne (the gas is in equilibrium at t = 0) or ~R/~I + ~, (20) becomes 

(=~ ) - ~ N ~ 1 7 6  Av<0.  (21) 

This coincides with the (13) cooling condition for I + ~. If on the other hand Nn ~ > Nn e, 
(21) is accompanied by the additional condition 

h?o~  I I > I ( N ~  Ne)" 

The maximum cooling AT S subject to (21) and (22) occurs for t = ts: 

(22) 

and is defined by 

'--{[( poCTATs = "-'X ~ t + -~ + 
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The time for which the kinetic cooling exists tf is found by solving the transcendental equa- 
tion 6T = 0. 

In the strong-field approximation (~R/T I + ~), ts = 0, 

- t  t = _ _ _  

( gn 0 

ATs = 
CRK 

gin) 

vz Fnm, Fnm gn exp(-- AE~m/KT) . 

(23) 

(24) 

Here C R = CTg/R; Xq ~ = Nq~ and No is the total number of molecules in unit volume. For 

<R << TI (the weak-field approximation) and Nn ~ = Nne 

l-I- gr~] hAv iT R \ ~- 

Iv); C RKF2nm (1nrn 

(25) 

(26) 

For Av << v I and AnmT R << i, (26) gives 

tS Av - i  Av --I Fnm~ ~]= -- 2 - - F n m .  
'V I ~nTr~ 

These results may be illustrated on detailed examples. We first consider absorption on ro- 
tational transitions in diatomic molecules, for which gq = 2jq + i, Z r = Be/KT, Eq = BeJ q" 

(jq + I), in which jq is the rotational quantum number, which defines the total angular 

momentum, and B e is the rotational constant. 

Figure 1 shows results from (23) and (24) for ATs/&v (Av < 0) and the kinetic cooling 
existence time tfBe/[A~ [ (solid and dashed lines) for CO, HCI, HF (lines 1-3) (B e = 1.93, 

10.59, 20.95 cm -I) for T o = 300 K and various Jm (Jm + Jm + 1 transition). The largest 5T S 

and tf occur for molecules having large B e (HF and HC!). For Av = Be, the largest &T S for 

HF, HCI, and CO are 0.926, 0.239, 0.078 K, with the corresponding tf = 0.27, 0.13, 0.025. 

Figure 2 shows the temperature as a function of time on absorption on the 4 § 5 transi- 
tion in HCI for Nn ~ = Nne , T o = 300 K and Av = +Be, -B e (curves 1 and 2), where the indepen- 
dent variable is TR/T I. Here the dot-dash, solid, and dashed lines correspond to ~R/TI = 
i00, i, 0.01 (for ~R/TI = 1 and 0.01, the scale for AT has been reduced by factors of i0 and 
i00). Any reduction in ~I, e.g., from intensity increase, for Av < 0 will increase AT S and 
reduce the existence time, while for hv > 0, there will be more extensive heating. 
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The cooling in the beam increases n, as (9) shows, and heating reduces it. Cooling on 
absroption occurs for Av < 0 and heating for Av ~ 0. It is readily shown that Hnm > 0 for 
Av < 0 and Hnm < 0 for Av > 0, and as 6Snm < 0 in that case, saturation on the absorbing 
transition produced by radiation having v I < Vnm reduces n, while for vI > Vnm, n is in- 

creased. Hnm = 0 for &v = O. 

Then for ~p << ~s, the focusing lens is formed in the channel (6n > 0) only for radi- 

ation having Vl > Vnm" For ~p >> ~s, there are two competing mechanisms that affect n. A 

region having 6n > 0 can occur for hv ~ 0 only if 

T O ~2b D 

Figure 3 shows how the refractive index of hydrogen chloride varies over time on ab- 

sorption for v I = Vnm + B e on the 4 + 5 transition in HCI at To = 300 K for various TR/T I. 
Curves 1-3 correspond to 6n, 6n R, and 6np (for Tp >> ~s), while the solid, dot-dash, and 

dashed lines are for TR/T I = i, i00, 0.01 (for TR/T I = 0.01, the scale has been reduced by 
a factor of i00). The Einstein coefficient for the j + j + 1 transition was calculated in 
accordance with [14] from Aj,j+I = (Ej+I - Ej)3~2/3~4c 3, Ej = Bej( j + i), p = 1.07D, while 

we took n o = 1 + 2~Ne 0, in which s 0 = 2.637"10 -24 cm 3. The distributions show that the re- 
gion with 6n > 0 is formed in spite of the heating, whose existence time t o under these con- 

ditions is ~9.5T R for all ~R/~ I. For P0 = 1 kPa, ~R = 10-7 sec and t o = 1 gsec. 

If Av is reduced to 0.5bs in which bs is the width of the absorption line at half 
height, 6n and t o are increased; 6n R = 0 for Av = 0, and 6n < 0 always. For Av = -Be, 
6n R = 1026np for hydrogen chloride, and 6n < 0 for virtually any -B e < Av < 0. 

We now consider the refractive-index changes on absorption of a CO 2 laser beam by water 
vapor. For the H20 molecule, gq = gjqga q, gjq = 2jq + 1 and ga q = 3 for antisDmnetric states 

f ~T 3 
and ga q = 1 for symmetric ones, with Zr=2V~ (A0, B0, Co are the rotational con- 

AoBoC o 

stants). Table I gives Vnm, Ej, Anm, and ga for several rotational transitions whose line 

flanks absorb CO 2 laser radiation (the Anm have been derived from the [15] data on the line 
intensities). We also show the transitions in CO 2 that produce radiation with frequency 
v I = Vnm- Av. We calculated the CO 2 laser absorption for frequency vI from the tabulated 
data for various ~R/~I and bc/b D (conditions close to atmospheric) and found that for all 

vI < Vnm one has [6np[ << [6nE[ even for t = ts- For example, with vI = 947.742 cm -I, which 

is generated on the P16(00~ + i0~ transition in C02, with t = ts one has 6nR/6n p = 30. 

That ratio is even larger for the other lines. Then a CO 2 laser beam giving vI < Vnm will 
always result in a region haying 6n < 0 in a medium containing H20 molecules in spite of the 
kinetic cooling. After t > tf, [6n[ increases even with the absorbing transition saturated 

on account of the heating (6no < 0), as Fig. 4 shows from the 6n(t), 6nR(t), 6np(t) curves 
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(curves 1-3) for absorption of radiation having ~I = 973.2885 cm -1 (the P16(00~ + I0~ 

line from a CO 2 laser), which is absorbed by the 121.11 + 136. ~ (A~ = -0.198 cm -1) transi- 
tion in H20 for bc/b D = 0.i, i, i0 (dashed, solid, and dot-dash lines). Those bc/b D corre- 
spond to ~R/TI = 0.i, i, i0. The change in the resonant part of the molecular polarizabil- 
ity on absorption has a marked effect on 6n, which predominates over 6np at the start. 

A region having 6n > 0 is formed only on absorption for v I > Vnm. Figure 5 shows 6n 
together with 6n R and 6np (curves 1-3) as time functions on absorption of ~I = 929.017 cm -I 

radiation generated by the P36(00~ + i0~ transition in CO 2 and absorbed by water vapor 
for bc/b D = 0.I, i, i0 (dashed, solid, and dot-dash lines). Those bc/b D correspond to TR/ 
%1 = 0.i, i, 8.4. There is a fairly long time interval (t o z 500~R) during which a state 
with 6n > 0 is realized. The following figures characterize the radiation intensities and 
t o corresponding to those parameters. For p = I kPa and T = 300 K, we have ~R z 1-5"10-7 
sec and TR/% I = i will correspond to I z i05 W/cm 2, with to z 7.5"10 -5 sec. Under those 
conditions, the absorption length is L v = l0 s m and the focal length of the positive lens 
formed in the channel with an inhomogeneous radial intensity distribution (e.g., gaussian) 
is 3"102 m with the maximal 6n. 

Some general comments are that IR absorption by rotational transitions can cause 6n as 
a function of time to be determined by the density change associated with heating or tempo- 
rary cooling and with the change in the resonant part of the polarizability due to the exci- 
tation by the resonant radiation. 6n is substantially dependent on the magnitude and sign 
of the frequency difference, the line strength, the exciting intensity, and the gas param- 
eters. If %p is substantially less than the time for sound propagation across the beam, 6n 

is governed by the change in the resonant part of the polarizability if [~Pl ~ 8T 

n~ ~Snm , while if Tp >> ~s, but is naturally less than the characteristic times for 
~b D 

thermal conduction and diffusion, ~n will be dependent on the change in density (temperature) 
and the change in the resonant part of the polarizability. The latter can be neglected in 
deriving 6n only if ~2bD6T(n0 - i) >> n0cToHnm6Snm. A region having 6n > 0 is produced for 
%p << ~s only if there is positive frequency deviation, ~I > ~nm, and it occurs for ~p >> T s 

and ~I # Vnm only in a time interval such that ~2bD6T(n 0 - i) < n0cToHnm6Snm. 
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RADIATION CONTAMINATION OF DIELECTRICS IRRADIATED WITH A FAST- 

ELECTRON FLUX 
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It is known that, in irradiating dielectrics and semiconductors with a fast-electron 
flux, they accumulate a space charge (SC), the electric field of which affects considerably 
the transport of primary particles, while it can also cause electric breakdown and disinte- 
gration of the dielectric [1-3]. Although this phenomenon has been investigated intensively 
during the past 20 years, a satisfactory mathematical description of it is still lacking, 
which sometimes hampers the interpretation of experimental data. The principal approxima- 
tion inherent in the known solutions of the problem of SC dynamics [2, 4] consists in ne- 
glecting the distortion of the absorbed energy and thermalized electrons caused by the ef- 
fect of the SC field on transport. 

We have devised and realized a nonstationary mathematical model which describes in a 
self-consistent manner the SC build-up and the transport of fast electrons for different 
boundary conditions. 

System of Equations. The mathematical model describing the space charge build-up in 
the dielectric is based on the phenomenological model [4]. In order to take into account 
the distortion in the distribution of absorbed energy and thermalized electrons due to the 
effect of the electric field on the past particle transport, the equations of space charge 
kinetics were supplemented with the kinetic equation accounting for the electric field for 
fast electrons. In the one-dimensional case, the system of equations has the following 
form: 

8N 03 N (N, Z) 
3't - -  Q~ -[- S - -  o c P N  Oz ; ( 1 )  
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