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We outline a complete theory of the nonlinear susceptibility of cesium around 1.06 um, and present the first
measurements of the negative nonlinear refractive index n, primarily responsible for the self-defocusing that is
observed. For linearly polarized light, our measured value of n, is —(1.4 = 0.2) X 107%°N esu, where N is the
atomic density. This is in reasonable agreement with our calculated value of —2.62 X 103°N. The main
portion of n, comes from a two-photon resonance between the 6s and 7s levels, and an additional negative
term arises from induced population changes between 6s and 6p. For circular polarization, n, arises mainly
from the induced population changes, giving the measured and calculated values of --(0.26+0.03)X 103N
and —0.525 X 10~ %N, respectively. In our experiments where the 35-psec pulses were shorter than the 6s-6p
inverse linewidth, the nonlinear susceptibility depends mainly on the instantaneous intensity; however, for
longer pulses, one would obtain additional contributions proportional to time integrals over the intensity. Since
the useful output power from large Nd laser systems is limited by self-focusing due to the laser glass, our
results suggest the possibility of increasing this power by using Cs vapor for compensation.

I. INTRODUCTION

In recent years, a number of authors have ob-
served self-focusing,~* self-defocusing,® and
other related effects®” owing to a resonant en-
hancement of the electronic nonlinear suscepti-
bility in atomic vapors. These effects arise from
optically induced population changes associated
with single-photon'~%°-7 or two-photon®* absorp-
tion.

Recently, we reported the observation of self-
defocusing of mode-locked 1.06-pm pulses in
cesium vapor.® For linearly polarized light, we
attributed this primarily to a two-photon reso-
nant enhancement of the third-order nonlinear
susceptibility.® This contribution leads to an in-
tensity-dependent refractive index

nO(t) ~ n I(8) ~ I(2)/ (W, — 2w) ,

where 7, is the nonlinear refractive index and w
and w,, are, respectively, the optical frequency
and the near-resonant atomic frequency. In ce-
sium vapor around A =1.06 ym, 2w lies slightly
above the 6s-Ts frequency; hence n,<0, and at
pressures of a few Torr its magnitude is com-
parable to that of laser glass.!® Since the useful
output power from large Nd laser systems is or-
dinarily limited by self-focusing in the glass am-
plifiers, the existence of a negative n, at 1.06 pm
raises the possibility of increasing this power by
using Cs vapor for compensation.

The nonlinear behavior of Cs is complicated
somewhat by additional self-defocusing contribu-
tions arising primarily from pulse-induced popu-
lation changes in the 6s and 6p levels. For pulse
widths £, short in comparison to the 6s-6p de-
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phasing time T';;, this effect remains intensity

dependent,’s ® and for linearly polarized light, its
contribution to #», is relatively small; however,
as a result of atomic collisional relaxation, it
can also contribute terms proportional to time in-
tegrated intensities,'' and these “inertial” terms
can easily predominate if f, >T';J. The result is
then similar to thermal defocusing.'?

In this paper, we outline a complete theory of
the third-order nonlinear refractive index 52((t),
and relate this to earlier theoretical work.!»13-13
We then describe the first measurements of n, in
Cs vapor at 1.064 um under conditions where the
instantaneous terms are expected to predominate,
and compare these results to the theory.

Assuming only that #, is short in comparison to
the atomic radiative lifetimes, and that w and 2w
lie outside the atomic line profiles, we show that
5n®(t) can always be expressed as the sum of in-
stantaneous and inertial contributions. The in-
ertial terms derived here include the effects of
excited-state collisional mixing (e.g., among the
6p sublevels) in addition to atomic phase relaxa-
tion. Specializing to a three-level model applica-
ble to Cs around 1.06 um,® we then derive simple
approximate expressions for the two-photon and
induced-population terms described above. In
particular, we show that the 6s-7s two-photon
term disappears if the light is circularly polar-
ized.

The measurements of n, were carried out by
observing the self-defocusing of linearly and
circularly polarized mode-locked pulses in a
cesium cell. We also measured the insertion loss
of the cesium at different peak intensities, and
found a broad minimum (<5% absorption) centered
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around 5 GW/cm®. The measured values of 7, are
— (1.4+0.2) Xx107%°N esu for linear polarization
and — (0.26 + 0.03) x10~3°N esu for circular polar-
ization, in reasonable agreement with the calcu-
lated values of —2.62x 10N and — 0.525 x10~%N,
respectively.

II. THEORY

A. Basic equations

The lowest-order nonlinear refractive proper-
ties of an isotropic medium can be found from the
polarization

EROEINSPIING! 1)

Oy

induced by the optical field
E(f)=4e8(w, De~i¥t + Lex 8 (= w, Ne*ivt, (2)

Here N is the atomic density, @ ,,=eT;, are the
atomic dipole matrix elements between states

la) and |B), p%(t) are the corresponding third-
order density matrix elements, §(w,?)=[8(-w,#)]*
is the slowly varying optical field amplitude, and
€ is a unit vector defining the optical polariza-
tion state. The density matrix elements are ob-
tained by solving the Boltzmann equations

pOXt) = =i /B)[Hy, 0™(B)] - (6/B)[ V(L) p(t)]

+{p™(t)}5 , (3)

for n=1,2, 3, subject to the condition p@ =1. Here
Hy= Z w0l @) (el
o

vty =— Y E) sl (Bl, (4)
o, B

|0) is the ground state, 7w, is the energy dif-
ference between |a) and [0) , and {p™ ()}, de-
scribes the atomic relaxation. If we write p®}(#)
in terms of its slowly varying amplitudes, o¢®}(w,?)
= [G(E&(—w, t)]*y

pCUD = 208w, et + 20C) (~w, Hetiv!
+ (third-harmonic terms) , (5)

then the nonlinear contribution to the refractive
index of an isotropic medium is

(3
(3)(4) = gl o8hw, ) 6
513 (¢) ZnNnge U e DR (6)
The following two simplifications are assumed
to be valid throughout the remainder of this paper:
(i) One can ignore all longitudinal relaxation pro-

cesses, except for collisional mixing among the
excited levels, and (ii) the atomic and laser line-

widths are negligible in comparison to the detun-
ing frequencies |w, 3 - w| and |w, 5 — 2w| that arise
in the expression for 6%®’(f). Condition (i), which
is generally necessary to avoid optical pumping
effects,'® requires that the laser pulsewidth t, be
short in comparison to the radiative lifetimes of
the excited states. Condition (ii) is well satisfied
for cesium vapor around 1.06 ym with N< 10
cm~? and laser linewidths up to several angstroms.
The resulting solution of Eqs. (1)-(6), which is
outlined in the appendix, yields the expression

1) (£) = 6n’ (£) + om” (1) (7a)

=n E*(#)) +27N )" Xosles(?) =ga(®]. (D)

a>B

In 6%/(f), the nonlinear refractive index is

= 21N < P5l*, _IPRP +IQB|2)
PN o \wgo— 2w wgt2w  wgg
P;2-|P;|?
-an(QOZRa+' 0|2m.|) | >,- (8
[
where

_ € 1L pof *l oo . g*.ﬁ €*'ZI
P3= s » PhE D e
o

~ (Wt w) ’

(9a)

Q8= ; F*.H’ Bo€ oo £l Bgé*.ﬁao}’ (9p)

(W o — w) (w4 + @)

- lé\'l:fo(olz Ig*.ﬁaolz
a‘ﬁz(wao_w)z h—Z(ww + )R’ (9¢)

and the bracket () denotes an average over an
optical cycle [i.e., (E*(#)) =%|8(w,#)[*]. In 6n”(t),
I T G " P
Xasuﬁ(waﬂ—w)+ﬁ(wa’ﬁ+w) (10)

is a linear susceptibility, the quantities q,(¢) are
solutions of the rate equations

qa(l)= = Wago(t) + 3 Weogs () + SLEXD)  (11)
B #a

subject to the initial conditions g,(-»)=0, the
driving terms are

Sq=(Too =W )R+ Y sWy Ry, a#0, (12a)

B=a

So==2_ TaoRas (12b)

a#0

T" .o is the homogeneous relaxation rate of p,,(f),
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and Wy, is the 8-~ collisional mixing rate, which
satisfies the conditions

Woo=Woge " as/t T, (132)
W= ZWaBszraO’ (13p)
B

where W, =0 if @ or g are zero. From Egs. (11),
(12), (13b), and the initial condition g,(-=)=0, we
obtain the useful identity

> 4,=0. (14)

The instantaneous term 6n’(¢) is equivalent to
the results obtained from the usual third-order
perturbation theory,'3~'® while 6%” (f) arises from
a change in the total susceptibility as a result of
incohevent population of the excited levels. Ac-
cording to Eq. (A8), the total population change
cg)a(o,t) consists of an instantaneous (coherent)
portion plus the inertial (incoherent) portion g, (¢)
that arises from atomic relaxation. The coherent
contributions, which can be explained in terms of
Grischkowsky’s adiabatic following model,® are
included in expression (8). Butylkin ef al.!' have
derived results similar to ours, but their inter-
pretation is different. In their formalism, our
q,(t) would represent the fofal population change,
while the coherent population terms would be in-
cluded ad hoc by inserting Stark-shift terms in
the off-diagonal density matrix equations.

For short pulses (i.e., T' 4, «1), the inertial
terms are negligible, and Eq. (7) reduces to

61 () = 6n' (t) =n(E?) . (15)
At the opposite extreme, I' f,> 1, and
on®(t) ~6n"(f) . (16)

The expression for 6n”(f) can be simplified in the
second case by noting that collisional mixing oc-
curs only among the sublevels of each n! mani-
fold. Since the mixing rates W, are usually com-
parable to T',,5,'” these sublevels are completely
thermalized if T f, > 1.

B. Three-level model

The theory presented so far is applicable to all
atomic vapors under suitable conditions. For ce-
sium vapor around 1.06 ym, one can obtain a use-
ful and instructive approximation to this theory by
examining the lower lying energy levels, shown
in Fig. 1.»® Around 1.06 um, 6z®) appears to be
determined mainly by the |6s) =|0), |6p)=]|1),
and |7s) =|2) levels because of the nearby one- and
two-photon resonances with 6p and 7s, respective-
ly (i.e., w;p— W <KW o+w, and |wyo— 20| K wyy). To

a first approximation, we can therefore ignore all
other levels and all nonresonant contributions to
61 (f). We will also ignore the L-S splitting of
the 6p level, and approximate 6p by the degen-
erate magnetic substates |a), |b), |c) represent-
ing m=+1, 0, -1, respectively. This appears to
be reasonable at 1.064 pm, where (w,, - w)/2mc
=2149 cm™" and the L-S splitting is only 544 cm™'.
The error that this causes in the evaluation of n,
is small in comparison to that caused by the ne-
glect of higher-energy states and nonresonant
contributions.

For linearly polarized light, we choose € =2;
hence the only nonvanishing matrix elements of
interest are 2-;_[,,05 Lro=Hti and 2o,y =ty =1L %,.
Using the simplifications described above, one
can approximate Egs. (7)-(10) by

on®t) =~ n(E*(2)) +-ﬂz%[qo(t) -q,(®)]
e an
where
Ny =Ny = Ny (18a)
20Npdind, 21Nud

(o= 0wy —20)  P(wp-w)®  (18)

and g,(¢) and ¢,(¢) are solutions of Eq. (11). The
term g,(¢) has not been included in (17) because

it is fourth order in E(f), and is therefore negli-
gible unless w,, - 2w is comparable to the atomic
linewidth. Such terms were discussed by Butylkin

8s2S
642D
— 7p2 P
20 K+ (.532u)
- == =725 T 7
e 12)
<
> 542D
o
' 4
w 6p2P
g P (1.064)
0K o o e o e e e e e ‘_ _,‘
6s®S
° -
10)

FIG. 1. Energy-level diagram of Cs, showing the
three levels | 6s) =|0), |6p)=|1), and | 7s)=|2) pri-
marily responsible for self-defocusing at 1.064 pm.

The dotted lines show the position of the laser funda-
mental at 1.064 um and its two-photon level at 0.532 pm.
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et al.,'* and have recently been observed in po-
tassium vapor.*

The neglect of L-S splitting allows one to ob-
tain simple expressions for ¢,(¢) and g,(¢) with
only two relaxation constants. By symmetry con-
siderations, it follows that I';;=T,,=T,=T",,, W,
=W, =W,=W, and W, ,=1W for a+ 3 equal to a, b,
or ¢. Equation (11) then reduces to

Go= = [T 1036/ (Wi — W) KE®) (19a)
q» ™ — Wq, — Wy,
+(Tyo = W) p3o/7 (w10 - P KE?) ,  (19b)

where the identity g,+¢,+¢q,+q.=0 [Eq. (14)] has
been used to obtain (19b). Solving for g,(¢) and
q,(#), and substituting them into (17), we obtain
the result

t
onC)t) ~ n(E3(8)) +C, J (E2(t")) at’
t
+Cz J e—(3/2)W(t-t')<E2(tl)) dIcI

t ¢
+C3f e-(3/2)W(t=t" dj'J- (E%(t")) at”,

(20)

C==T11, (21a)

Com ~(Tgo = 39) 130121 (210)

Cy= =3 WT 51130 — 115y) , (21c)
and

. 27 NK5 1T, (22)

3 (wyo = ) Wy = w)

As we indicated in Sec. IIA, the integral terms
arise from incoherent redistribution of the 6s and
6p populations, and will predominate if T, ¢, > 1.
For pulse widths comparable to or less than the
atomic relaxation times I'j} and W™', the most

important contribution to t‘m‘”(t) is the two-photon
term n,, defined by Egs. (18), as we will show at
the end of this section. This term is positive in
most substances around 1.06 pm, and is partially
responsible for the self-focusing observed in ma-
terials such as laser glass.! In Cs vapor around
1.06 pm, however, n,, is large and negative due
to the strong resonant enhancement by the two-
photon denominator (w,, - 2w)/27c =-261 cm™*,

The instantaneous portion of 62()(f) can be in-
terpreted physically by rewriting expression (18b)
in the form?®

= TN 130 ( 1 1 >
2 13 (W0 = 20) (W1 = W) \Wp=—W Wy, —W
_ TNu%, ( 2ui, _ B3, > (23)
B w o= w)P \Wp=—w Wy —w/’

The first (and largest) pair of terms arises di-
rectly from the two-photon “polarization” ¢@(2w),
which drives 03)(w) and ¢f)(w). The second pair
arises from the coherent redistribution of the 6s
and 6p populations, as described by adiabatic
following theory.!»®> We have recently shown that
the combined coherent and incoherent population
terms in a two-level system (i.e., in the absence
of u,, and W) can be described by a generalized
adiabatic following approximation that takes ac-
count of the phase relaxation T,,.2°

For circularly polarized light, we choose & =#*
=2"'/2(%+47); hence the only nonvanishing ma-
trix elements of interest are 7" ﬁa0= Hio=MKTo and
7" *llye=lhg, =L5. The magnitudes of y,, and 1,,
are equal to those in the linearly polarized case.
Using the same approximations and procedure as
above, we again obtain Eq. (20), but the constants
n, and C, are now defined by

My ==MNyp> 249)
Cy=— (U)o — 3W)nyo+ s Wiy, . (25)

The n,, term does not appear in this case because
the corresponding virtual transition 6s -6p - Ts

TABLE L (n5/N) X10% (esu).

Polarization Experimental Theoretical Miles and Harris
Linear -1.5 £0.02% -1.4 =02P -—2.70¢ —2.629 -0.66°
Circular -0.35+0.04% —0.26:0.03° —0.335° —0.525¢

# Experimental values obtained from analysis of data that ignores the integral terms of

Eq. (20).

Experimental values including an adjustment to account approximately for the integral terms.
¢ Theoretical calculation using the near-resonant three-level approximation [Eqs. (18) and

(24)].

4 Theoretical calculation including antiresonant terms, higher excited states, and L-S

splitting [Eq. (8)].
¢ Theoretical calculation of Ref. 23.
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requires zero net angular momentum transfer
from the light to the atom, whereas two photons
of circularly polarized light must transfer AJ
=+2.2! (Two-photon contributions do arise from
the n®D levels, but they have not been included

in this simple approximation.) From Eq. (24) and
definitions (18a)and (18b), we see that n, reduces
to the expression derived by Grischkowsky, ' as
one would expect in this case.

To evaluate n,,, 7,5, and n,,, we used matrix ele-
ments obtained from the total 6s°S, ,,-6p*P, /5, 5/,
and 6p°P, ,,, 5,,-75°S, ,, line strengths calculated
by Heavens,? and took the energy of 6p to be
11547 cm™* (the weighted average of 6p°P, ,, and
6p°P; ;;). The magnitudes of the matrix elements
are (in atomic units) |pu,,| =3.16 and |u,,| =2.92,
giving the results n,,=-2,36 x10~*N, n,,=0.335
x107%°N, and n,, ==0.256 X 10~*N esu for x = 1,064
pm. The resulting values of n, obtained from Egs.
(18) and (24) for linear and circular polarization,
respectively, are shown in the third column of
Table I. In the fourth column, we show the values
of n, calculated from the exact expression [Eq.
(8)], taking account of the contributions from non-
resonant terms and higher-lying states (up to 8s,
8p, and 6d), and including the effects of L-S split-
ting. The magnitudes of the matrix elements were
again calculated from Heavens’s data,?? while the
signs were taken from Table I of Miles and
Harris.?®

In the case of linear polarization, the good
agreement between the third and fourth columns
of Table I justifies our simple three-level model.
The small discrepancy arises primarily from the
contribution of the 7p levels in the exact expres-
sion. For circular polarization, the discrepancy
is significantly larger, and stems primarily from
the two-photon 6s-5d and 6s-6d contributions that
were not included in the three-level model.

.y

o
e T T
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RELATIVE TRANSMISSION
T

° s .

o 1x10'° 2x10'° 3x10'°
INTENSITY (W/cm?) .
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08 10

0.4 X3
ENERGY (J/cm?)

FIG. 2. Cesium transmission vs pulse flux (and peak
intensity) for linearly polarized light and atomic density
0.32x10!7 cm™3,

III. EXPERIMENT

In order to measure »,, we studied the self-de-
focusing of mode-locked Nd:YAG pulses in a 100-
cm-long cesium vapor cell, The measurements
were made at several densities between N=0.08
x10'7 and 0,32 x10'” em~2 with linearly polarized
pulses and at 0,32 x10'" cm~?2 with circular polar-
ization. The density was controlled by adjusting the
temperature of a cesium reservoir (260-305 °C),
while the main cell was held at 460 °C in order
to minimize linear absorption from Cs dimers.*
For N=0.32x10"" cm~3, the 6s-6p transverse re-
laxation time I';) is approximately 80 psec.

The input radiation consisted of single pulses
of full width at half-maximum (intensity) duration
t,= 35 psec, as determined by measurements with
a 5-psec-resolution streak camera. Since I'y}
> 2t, at all Cs pressures, the instantaneous terms
are expected to predominate in Egs. (7) and (20);
hence expression (15) should be a good approxi-
mation, at least for the linearly polarized pulses.
The input beam, which was well collimated (radi-
us of curvature p,~ 20 m), had the form of an
Airy profile truncated at the first minimum, with
a 1/e intensity radius of a,=0.58 mm. The pulse
energy entering the cell was measured with a
calorimeter, and was monitored with a calibrated
photodiode. For the linear polarization case, si-
multaneous energy measurements were made at
the output to determine the transmission of the
cesium, which is plotted versus input pulse energy
in Fig. 2.

The energy profile at the output of the cell was
recorded by imaging the exit window onto a silicon
photodiode array of 25-um resolution. Figure
3(a) shows typical oscilloscope traces of these
output profiles for the case N=0.32X 10" em~3.

At low intensities, the beam profile was identical
to that obtained with linear propagation in an emp-
ty cell. At intermediate intensities, the beam
size increased, but its smooth characteristic
shape was retained. At the highest intensities
used, further increase in beam size was observed,
accompanied by beam distortion and the appear-
ance of ring structure near the axis. This be-
havior is similar to that observed in the self-de-
focusing experiments of Grischkowsky and Arm-
strong.® All of the data that was used in deter-
mining n, was taken at the intermediate intensi-
ties (=6 GW/cm?) where the beam distortion and
cesium insertion loss were negligible.

In analyzing the data, we calculated the output
profile of the beam from a solution of the wave
equation in the paraxial-ray approximation. Using
Eq. (15), along with a constant-shape assumption,'?
and approximating the shape of the input beam with
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a Gaussian distribution, we obtain for the intensity where z is the length of the Cs cell, a, and p, are
profile at the end of the cell the input radius and beam curvature, respectively,
and P,=2%/327%1,< 0. The energy profile was
Itr,0=[P(0)/ ma’(t)] expl —*/a*(1)] (26) then obtained by numerically integrating expres-
sion (26) over the pulse duration. For each data
Here P(t) is the input beam power and a(f) is a point, measured values of a,, p,, and P(t) were
time-dependent radius given by** used and the value of n, was chosen to give the
a¥t)=a¥(1+z/p)*+[1 -P(t)/P,)(N 2 /21a2)?} , best theoretical fit to the measured energy dis-
tribution at the half-maximum points. This pro-
27 cedure is justified by the good overall agreement

between the calculated and experimental profiles,
as illustrated by the examples shown in Fig. 3(b).

IV. RESULTS AND DISCUSSION

0.027x 10" w/em? The results of our n, measurements for linearly
and circularly polarized light are shown as a
function of density in Fig. 4, and are compared
with the theory in Table I. The first column of

Table I gives the experimental values of n,/N ob-
- : tained using Egs. (15), (26), and (27), as de-
" Ly 0.64x10'° w/cm? scribed above. The second column gives ad-

justed experimental values which account approx-
imately for the contribution of the integral terms
in Eq. (20), as we will discuss below. The third
and fourth columns give the approximate and exact
calculated values of n,/N that were discussed in
1.9x10° w/em? Sec. II, and the last column gives the value ob-

tained from the susceptibility calculations of Miles
and Harris.?®

In using Eq. (15) to analyze the data, we have,

(a)

Fe=smm -~ in effect, treated the small integral terms of
MEASURED BEAM PROFILE 6n)(¢) [Eq. (20)] as instantaneous, and lumped
AT OUTPUT WINDOW OF CELL them into an effective contribution to the measured

value of n,. One can estimate the relative im-

y portance of these integral terms by averaging
\_ / \ their contribution to 623)(f) over the incident in-

tensity, and comparing this to a similar average

Nz O N=0.080x10'7 cm™3
LINEAR POLARIZATION LINEAR POLARIZATION
06
(b) A N LINEAR
_/\ POLARIZATION
2 04t
N=0.32 x10'T em™3 N=032x10'Tem™3 <
LINEAR POLARIZATION CIRCULAR POLARIZATION ﬁo L
INTENSITY = 0.6x10'C w/em? ¥ 02 F CIRCULAR
Iy ) POLARIZATION
BEAM PROFILES - 1 /
AT OUTPUT WINDOW OF CELL
0 1 1 i 1
FIG. 3. Spatial profiles of the pulse at the exit window 0 0.1 0'2_” 0.3 04
of the Cs cell. (a) Oscilloscope traces of photodiode Nx 107" (em™3)
array measurement at low, intermediate, and high in-
tensity. (b) Comparison between theoretical profiles FIG. 4. Effective nonlinear refractive index n, vs
(solid lines) and typical measured profiles (dotted lines) atomic density N for linearly and circularly polarized

at intermediate pulse energies. light at 1.064 um.
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of the instantaneous portion; i.e., we consider
the quantity

0= Lo [on®t) = n{E2() KE(t) at

- , (28)
[2nE(1)? dt
using Eq. (20) and the exact values of n, from the
fourth column of Table I. The corrected values
of n, would then be approximately (1+7)”! times
the numbers shown in the first column. Assum-
ing that I'7} =~ 80 psec,* and that W=T',,,'" we ob-
tain n(linear)~ 0.08 and n(circular)= 0.36 by nu-
merical integration of Eq. (28). Integral terms
thus contribute little in the case of linear polar-
ization, but they result in a significant correction
for circular polarization, where ]n2| is relatively
small.

The experimental and theoretical values of »,
(second and fourth columns of Table I) are in rea-
sonable agreement, considering that one is com-
paring ab initio calculations with absolute mea-
surements. Since the oscillator strengths corre-
sponding to our matrix elements are probably too
large by a factor of about 5%, the numbers in
the third and fourth columns could be overesti-
mated by as much as 10%; hence the actual dis-
crepancy between theory and measurements is
probably smaller than indicated in Table I. The
remaining discrepancy appears to arise from
systematic errors in the values of the concen-
tration N or the pulse power P(f). N was ob-
tained from vapor-pressure tables® and the mea-
sured temperatures of the bulb and cell. As other
authors have noted,® the accuracy of this proce-
dure is limited. In the ratio n,(linear)/n,(circu-
lar) the factor N cancels, and the agreement be-
tween theory and measurements is within 8% (i.e.,
the ratio is 5.4 from the second column of Table
I and 5.0 from the fourth column).

Although the cesium insertion loss was negli-
gible for the pulses used in the n, measurements,
its existence at higher and lower intensities (Fig.
2) may have a bearing on the possible applications
of the negative n,, and requires some further
comment. The attenuation at low intensities ap-
pears to arise from cesium dimers, whose ab-
sorption band extends from the vicinity of the D
lines to about 1.12 um.?* Using a cross section
of approximately op= 4% 107!¢ cm?, 2" and concen-
tration®®

N, =3.54x10723N %200/ T(°K) | (29)

we obtain the absorption coefficient N,0,~0.017
at 7=460 °C and N=0.32x10'" cm~3, The small
signal transmission for a 100-cm path length is
then approximately 18%. If N is actually smaller

by a factor of about 2, as we suggested above,
then the transmission would be approximately
65%. The increase in transmission with intensity
up to about 3 GW/cm? is apparently due to either
bleaching®” or hole-burning effects in the dimers.
Evidence for this is shown in Fig. 2, where one
pair of points corresponds to a double pulse with
a 3-nsec separation. The first pulse, whose en-
ergy density was 200 mJ/cm?, was virtually un-
attenuated. It apparently bleached out the dimers,
however, because the second pulse, whose density
was 40 mJ/cm? (indicated in Fig. 2 by the cross),
had significantly higher transmission than other
pulses of comparable magnitude.

One is tempted to ascribe the losses at high in-
tensities to two-photon absorption or multiphoton
ionization; however, the theoretical cross sec-
tions for these processes do not support such ex-
planations. The two-photon cross section
0®(1.064 um), which stems primarily from the
6s-Ts contribution, is approximately 3.3
x10~* NI *® where intensity / is measured in
W/cm?, For N=0.32x10'" ¢cm~3 and incident in-
tensity /=3x10', the maximum absorption co-
efficient is No®(1,06 pm)=~10"% cm~!, The three-
photon absorption is also negligible. One can es-
timate the four-photon ionization cross section
from calculations carried out by Morton®® for
=1,0590 um. Morton’s results correspond to a
cross section 0®(1,059 pm) =~ 3.7x10%/%;23 how-
ever, this number is strongly enhanced by a near-
ly exact resonance between 3w and the 6 levels
around 28329.7 cm™!. The detuning is only
=1 ecm™!, whereas for 1.064 um, it is 134 cm™';
hence 0¥(1.064 pum)=~ (1/134)%0(9(1.059 pm)=~2.1
<1073, giving a maximum absorption coefficient
of 1.8x107% cm™! for N=0.32x10'" ecm~3, With
beam spreading (and thus lowering of the inten-
sities and cross sections), the absorption over
100 cm is negligible.

The flattening of the high-power pulses, as
shown in Fig. 3(a), suggests that dimer absorp-
tion could also be responsible for the attenuation
at these as well as at the lower powers. To see
this, we assume for the moment that the constant-
shape approximation remains valid, even when
the beam spreading is large. If this were valid
[and P(#) > P_], then Eq. (27) would reduce to a*(f)
~ (A\z/27a,)?P(t)/P, ; hence the on-axis intensity
I(0) ~ (2ma,/rz)*P, /m would remain independent
of the total power P(f). However, because the
flattening does occur and becomes morc prominent
as P(?) increases, it is evident that the intensity
1(0,¢) can actually decrease as P(t) increases. The
central portion of the beam may therefore become
more susceptible to dimer absorption under these
conditions.
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In future papers, we will report on additional
defocusing measurements using longer pulses to
observe the integral terms, and on investigations
of the higher-power transmission under conditions
where beam flattening is negligible. We will also
report on both theoretical and experimental studies
of the application of cesium vapor for compensa-
tion of self-focusing and self-phase-modulation in
high-power laser systems.

ACKNOWLEDGMENTS

We thank Hans Griem, John McMahon, and Ray-
mond Elton for useful and informative discussions.

APPENDIX

To obtain the solution of Egs. (3), we use the
harmonic expansions of p{*X¢), as in Eq. (5); i.e.,

pl3(#) = 503w, e ¢t + 1ol (~w, Heivt

+ (third-harmonic terms) , (Ala)
p(#) =0®,(0,8) + 50®, (2w, t) e«
+ 309 (=2w, et (A1b)
pWs(2) = 5085 (w, et + 5005 (~w, Heit,  (Alc)
where the amplitudes o@y(n'w, ) = [0Q), (-n'w, H)]*

vary in times on the order of the pulse width ¢,.
Substituting Egs. (A1) into (3) (and dropping the
time label for brevity), one obtains

(W) +i(wgpg = w =il 5)0(w)
=i8(~w)é*. 5%, (2w) + 2i8(w)é - 32, (0)
wp—2w—iT  5)0%:(2w)
=i8(w)e-
5@5(0) + i(w, 5 - iT, 5)0@5(0)
=3i8(~w)e* 5P (w) + 51 8(w)é - SYs(-w),

(A2¢c)

(A2a)
69, 2w) +i(w
(1)3(‘-‘)) ) (AZb)

weg#0,

52,(0) + W,02,(0) = D W,,0%95(0)

B#=a
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W5 (w) + (g = w = iT , 5)oWs(w)
= (i/B)8(W)E" L 5(650=040),  (A2€)
where
84 w)—% E oy 04 (n'w) = o) (n'w)il 5] ,
(A3)

and I' 5, W, and W, are the phase relaxation and

collisional mixing rates described in the text.
With the exception of (A2d), all of the equations
(A2) have the general form

G()+ GQ+T)o(t) =R, |Q|>T, (A4)

with the formal solution for g(=«)=R(~x)=0,%

t
O(t):f dt’ e-G2 D=t j(pr)

(757

(A2e) yields the result

mt 1 dmR(t)
datm -

-3

m=0

iQ+T (A5)

For example,

o@a(w,m—,é(aso—aa(,)é-ﬁas
bl m+t1 amg(w,i)
% mz:o( w)+I‘ > atm
(A6)

Since Q represents quantities such as w,g, 2w,
Wypt W, OF Wyt 2w, but [(1/R)dR/dt| is on the
order of the laser linewidth, postulate (ii) leads
to the condition |(1/R)(dR/dt| < ; hence it is nec-
essary to retain only the lowest-order terms of
(A5) and (A6).
Equation (A2d) may be rewritten by substituting

(A3) and expansion (A6). Retaining only the zero-
and first-derivative terms of (A6), and noting that

=Re[i§(-w)é*. 8 (w)], (A2d) T'g,=T,5, One obtains
G(0,8)+ W, 02,(0,8) = Y W,,085(0, 1)
B=a
. L [€Hggl? €Myl )
—4h—2 ; (650— 6&0)[(1-(‘080( —w - ZTB(!) i(waﬁ — —ZTBD() g(_wat)g(w,t)
le- B gol? lé-Hql? ) (w t)}
+<(wﬁa—w—irga)2 (s —w - T3 S(-w t) +c.c. (ATa)

=~ Z (6801 - Gao)RB <F60<E2(t»+ = d<
B

z d(E*(t)

) ; (ATD)

dt
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where (E2(¢)) =3|8(w, t)|?, R4 is defined by Eq.
(9¢), and postulate (11) has been used to justify
the neglect of 'y, in the denominator of Ry, Al-
though the zero-derivative term is the largest
contribution to (A6), it is evident that the corre-
sponding term T 4 (E*(#)) in (ATb) may be com-
parable to or less than the first-derivative con-
tribution  d(E?(#))/dt. This results from the fact
that the largest portions of the zero-derivative
terms in (A7a) cancel when they combine with
their complex conjugates. If we define the vari-
able ¢,(#) by the relation

Z (6604 -
B

then Eq. (A'Tb) leads immediately to Eqgs. (11) and
(12).

The near cancellation of the zero-derivative
terms occurs only in the evaluation of Eq. (A2d).
In the solution of Eqs. (A2a)-(A2c) and (A2e), one
can therefore use postulate (ii) to omit all but

o®(0,1)= 800 R(EX(D) +q,(8), (A8)

the zeroth term of (A5), and to ignore all T.s
factors. The resulting solutions

S(-w, 1)e*- 5% (2w, 1) + 28 (w, 1)é - 58%(0, 1)

O(o:l;)ﬂ(w’ l) =~

Wyp —
(A9a)
g-s®
o, (2w, 1) ~ 85 0 Sgh(w, ) (A9b)
waﬁ—zw
00,0, 1~ 8@ € Bulw, )+ 8w, DE- Biif= w, )
2w, s
wes#0, (A9c)
oW (w, 1)~ 8(w, )€ 1 15(6 50— 0,0) a5

H(wypg—w) ’
along with the instantaneous portion of (A8), are
equivalent to those obtained from ordinary per-
turbation theory.'*~!* Combining these results
with expression (6), one obtains Egs. (7)-(10)
after some tedious but straightforward algebra.

*Work supported jointly by the Defense Advanced Re-
search Projects Agency, ARPA Order No. 2694, and
the U.S. Energy Research and Development Adminis-
tration.
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FIG. 3. Spatial profiles of the pulse at the exit window
of the Cs cell. (a) Oscilloscope traces of photodiode
array measurement at low, intermediate, and high in-
tensity. (b) Comparison between theoretical profiles
(solid lines) and typical measured profiles (dotted lines)
at intermediate pulse energies.



