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We have measured absolutely the intensity-dependent change in the state of elliptical polarization
of a well-characterized 1-ns laser beam propagating in 68 m of air, at intensities ranging from 0.5 to
1.5 GW/cm . From the data we deduce a value for the nonlinear susceptibility coefficient

c»&i( —co, co, co, —co) for air at 20 C and 1,053 pm of (20+5) X10 " esu, corresponding to a non-
linear index n2=1.0X 10 ' cm erg '. This value is consistent with the value inferred from low-

power Kerr and harmonic-generation measurements in 02 and N2, but it is approximately one half
of a previously reported experimental value for air. We also replaced 58 rn of the air path with ar-
gon gas at 1 atm pressure and verified that a substantial reduction in nonlinear beam refraction can
thereby be achieved.

I. INTRODUCTION

The intensity-dependent change in the state of polar-
ization (ICSP) of a high-power laser beam as it propa-
gates through amplifiers, lenses, and air can cause various
effects, such as a reduction in the efficiency of harmonic
generation and energy loss from polarizing surfaces.
These and other effects of nonlinear refraction, such as
self-focusing, of a monochromatic beam in an isotropic
transparent medium are described by two medium
coefficients, which by common convention are called

c
~ ~ ~ ~

( Co» co» to» co )

and

c
~ pp ~

( to» co» co& co )

and referred to as "c coefficients. "' They are also some-
times written as g, , '» and g",22, , although the convention
for y' ' is not uniform in the literature. (We may omit
the frequency arguments of these coefficients as being un-
derstood. ) The values of these coefficients for common
laser and optical glasses have been measured ' and used
in the design of high-power laser chains and target
chambers such as the Nova laser system.

Recently, observed reductions from the predicted
values of the output at the third-harmonic wavelength
from the Nova laser have been ascribed to the change in
polarization of the fundamental beam at 1.053-pm wave-
length due to nonlinear propagation in the ( —65 m) air
path between the laser and the harmonic-generating crys-
tals and to the same effect within the laser amplifier
chain itself. The effect of this nonlinear propagation in
isotropic media is mainly to rotate the axes of elliptical
polarization of a beam by an angle P that is proportional
to the product of beam intensity and cj22, , as long as P is
much less than 1 rad. This ICSP effect is sometimes re-

ferred to as "ellipse rotation. " We know of only one
published c&22~ c coefficient for air, and this is a relative
measurement which predicts more severe ICSP than we
infer from the observed reduction in harmonic-generation
efficiency.

To clarify such comparisons and to contribute to fu-
ture laser design procedures, we have made an absolute
measurement of ICSP in air at 1.053-pm wavelength, us-

ing a 68-m air path, at 20+1'C, in the Nova laser beam.
The Nova laser is ideally suited to this task because it
permits measurements to be performed with an un-
focused beam having a uniform spatial profile (described
below) and a well-characterized, nearly square, temporal
profile. From this measurement, we infer a value for
c,22, that is about half that reported in Ref. 8. We also
replaced 58 m of the 68-m air path with argon gas, at am-
bient pressure and temperature, and repeated our ICSP
measurement. We verified, thereby, that such replace-
ment can be used to reduce P by an order of magnitude
from its value in air. Our observations on air and argon
are consistent with the c coefficients that we have calcu-
lated using published Kerr' and harmonic-generation
coefficients'' (corrected for dispersion so as to apply at
1.053 pm). The coefficient c&,2, governing ICSP is —12
times smaller for argon than for air.

In Sec. II we describe the experimental setup for
measuring the polarization ellipse rotation angle itj in
three beam configurations, containing (a) air alone, (b) air
and two glass windows, and (c) air and argon gas between
two glass windows. We also give the data obtained for
determining 1b. In Sec. III we describe the procedures we
use for assessing the effects of time variations in the opti-
cal pulse and the effects of optical misalignment and of
uncertainties in the state of the small segment of the
Nova beam that we divert for our measurements. To aid
in this, we first summarize the standard theory of ellipse
rotation. In Sec. IV we use this analysis to interpret our
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data and determine the uncertainties in the derived non-
linear coefficient that arise from uncertainties in the
characteristics or alignment of detectors, polarizers, the
wave plate, and beam splitters. We conclude with a corn-
parison of our results with those of Vlasov et aI. , and
with the theoretical predictions, and discuss the poten-
tial benefits of substituting argon gas for air in the Nova
beam path.

II. EXPERIMENT

In this section we describe the experimental arrange-
ment of optical elements in the 1.053-pm Nova beam
path and the data we obtain using this arrangement. We
give here only the intended, or "nominal, " values of po-
larizer orientation angles, phase delays, beam diameter
and segment lengths, etc. Our estimates of the systematic
and statistical deviations from these nominal values will
be discussed in Sec. IV.

Our experiments may be described as occurring along a
single beam path with polarizers and wave plate oriented
as shown in Fig. 1. A well-polarized 25-cm-diam
subaperture of one 74-cm-diam Nova beam (delivering
from —2 to 6 kJ in 1 ns) was additionally polarized along
the (horizontal) reference direction we call x (see Fig. 1)
by a thin-film Brewster's angle polarizer labeled Pl in
Fig. 2 ~ This polarizer had a clear aperture of 30 cm and
an extinction ratio greater than 200:1. The beam then
propagated 15 m past four beam turning mirrors, and
sensors (not shown in Fig. 2) which measured the energy
and temporal profile of each laser pulse, before impinging
on a 10-cm subaperture, APl of Fig. 2, placed in the
most uniform portion of the beam. Here spatial varia-
tions in intensity were generally less than 15%%uo. This
subaperture was follow ed within a few centimeters by a
bead-blasted apodizer (to reduce edge diffraction) and a
12-cm-diam crystal-quartz quarter-wave plate (QWP),
with its slow axis along a vector e, oriented at angle
0= —26'. The quarter-wave plate was intended to pro-
duce an elliptically polarized beam whose semimajor field
component, aligned along e&, had twice the amplitude of
the semiminor component (i.e. , ellipticity 0.5). There fol-
lowed a 68-m propagation path to a diagnostics table

zer axis

Slow axis of
A

wave plate e,

x = input
polarization

FIG. 1. Definition of axes looking into the beam, i.e.,
along —z.
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FIG. 2. Experimental arrangement: Pl is the input polarizer,
AP1 the first (10-cm) aperture and apodizer, QWP is the
quarter-wave plate, AP2 is the second (l-in. ) aperture, BS is the
50-50 beam splitter that directs beams to the beam-splitting po-
larizers A and B, whose outputs are monitored by calorimeters
C, Three configurations discussed in the text have (a) the 58-m
gas cell with its windows 81 and W2 absent (all air path); (b)
the 58-rn cell with windows in place and containing air at 1 atm;
and (c) the 58-m cell, with windows, containing argon gas at 1

atm.

where the beam encountered a l-in. -diam aperture AP2
(and a beam splitter BS discussed below) and then pro-
pagated 1.5 m to a polarizing beamsplitter 3 (of the
thin-film Brewster type) followed by two calorimeters C,
as shown in Fig. 2. These together measured the total
beam energy as well as the fraction fo of the beam polar-
ized parallel to x, the original reference polarization (i.e. ,
at analyzer angle y=0 in Fig. 1). The spatial intensity
variations measured after subaperture AP2 were
—+1.5%. We took the beam area S after this subaper-
ture to be 5.07 cm .

The variation of fo with the known beam intensity
alone could, in principle, give the desired nonlinear c
coefficient. However, because of the anticipated uncer-
tainties in beam parameters a second, independent mea-
surement of polarization was made. This yielded the
fraction f4s that was polarized at 45' to the original
reference polarization x. This second measurement was
achieved by placing a 50%%uo (nominal) beam splitter BS 0.5
m before polarizer 3 and oriented so as to direct the split
beam at 3 from the backward direction to a polarizing
beam splitter 8 (identical in construction to 3). The
beam splitter BS in Fig. 2 was l-cm-thick, 50-mm-diam
Schott BK-7 glass flat coated on the front side to refIect
50%, and antireAection coated on the back side. Two
calorimeters C monitored the output beams from the po-
larizing beam splitter B to give the energies polarized at
both y =45' and 135', thus allowing f4, to be deduced in-
dependently. We refer to the measurements at B as the
"45-135 channel, " and the measurements at 3 as the "0-
90 channel. " We will call f the fraction passed by a po-
larizer oriented at angle y.

Our data will yield a plot of the polarized fractions fo
and f4s of each propagated Nova pulse as a function of
an average incident pulse intensity I (to be defined below).
In assessing the polarized fractions and their estimated
uncertainties, we have taken into account the fact that
the polarizing beam splitters erroneously deAect 1.15% of
the transmitted polarization (at y =0' or 135 ) into the
split beam. Their internal losses are less than 0.5%%uo and
were neglected. The four calorimeters were calibrated to
an absolute accuracy of +2.5% and a relative accuracy of
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+1.5%. The beam splitter was found to reflect 51% and
transmit 48% of the incident light, rotating linearly po-
larized light by —2. 8' (from y to x) upon reflection and
—1.8' (from x to y) upon transmission.

The pulse energy U of the l-in. -diam portion of the
beam being analyzed was deduced from the calorimeter
readings at both A and B and the parameters mentioned
above. The two values of U obtained agreed to within
4%%uo, and their average was used. The values ranged from
-2to7 J.

Three experimental configurations were used which we
will label (a), (b), and (c). These refer to the cases (a)
where the 58-m gas cell of Fig. 2 is absent, (b) the 58-m

cell is present, with windows W1 and fV2, containing air,
and (c) the 58-m cell is present with argon gas between
81 and 8'2.

The temporal pulse shape was nominally a square pulse
of 1-ns duration. The actual temporal shape was moni-
tored for each pulse by a streak camera between the ini-
tial polarizer and the quarter-wave plate. The effective
beam intensity I for ellipse rotation was evaluated for
each pulse by the relation

I= U/~S .

The effective pulse length ~ was calculated from the un-
normalized temporal trace p (t) of the pulse power by the

80
l

(a) Air onl

78—

40
I

{a)Air only

36

74—

72

70

0~O

680
C) ~v

80—
CO

CD
N

780
Ck.

32

o 30

YC5

cD 28

44—

42

b) Air plus windows

76

E
74

720
U
lg

LL.

70

E
th 40

C
38O

6
CO

LL.

34

68

74—

72—
(c) Argon plus windows

32

36—

34

(c) Argon plus windows

70—

68
0 0.5

I

1.0 1.5 2.0 30

IntensIty I (GW/cm2)
0.5 1.0 1.5

Intensity I (GN/cm )

2.0

FICy. 3. Transmission f„ through polarizer 3 as a function of
optical intensity; polarizer set parallel to axis of incident polar-
ization. Ordinate is defined in Eq, (3).

FIG. 4. Transmission f4, through polarizer 8 as a function
of optical intensity; polarizer axis set at 45 to axis of incident
polarization. Ordinate is defined in Eq. (4).
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TABLE I. Observed changes in elliptical beam polarization versus beam intensity are represented
here by the slopes f'„of the data given in Figs. 3 and 4 for two values of analyzing polarizer orientation
angle y. As a result of the corrections of Eqs. (3) and (4), these slopes correspond to the slopes at zero
intensity. Also given are the intercepts f»0, which reflect the state of the unchanged (low-intensity)
beam polarization. Nominal values were obtained by linear regression analysis. Uncertainties given
are derived from the extreme-consistency lines shown in Figs. 3 and 4.

Configuration
10 f» (cm'/GW)

r =45' y =0'
1o'f,o

y =45'

(a) Air
(b) Air+ windows
(c) Air+ windows+ Ar

435+93
480+55
179+30

391+100
394k 180
168+60

696+8
696+5
685+4

298+10
340+20
309+6

following relation, which we justify in Sec. III:
2f dt p(t) f dt p'(t) . (2)

(a) 5. 69

fc =fo+ (b) 7.48—. X 10 [I(GW cm )]
(c) 0.75

(3)

and

(a) 7.56

fr~=f4& —. (b) 9.93 X10 [I(GWcm )]
(c) 1.00

where (a), (b), and (c) refer to the three configurations de-
scribed above.

We give our experimental results for fo versus I in Fig.
3, and those for f4, versus I in Fig. 4, The pertinent
slopes f ' —= (Bf /dI ) derived from these plots by a linear
regression program are given in Table I. Included also
are the data intercepts f»o, which represent extrapolated

Because of deviations from the intended square pulse
shape, the values of ~ thus obtained ranged from 0% to
20% larger than the actual pulse full width at half max-
imum.

A final small correction was made to the measured po-
larization fractions fo and f~5 before plotting them
against I. The desired nonlinear susceptibility coefficient
c,2z, is proportional to the slope of this plot at small I.
In some cases the intensities used were large enough to
cause observable ( & 10%) deviations from the linearity of
f versus I. We used the theory of ellipse rotation given
in Sec. III to calculate how fo and f4~ deviate from
linearity as I increases. In this calculation we used the
known value of the nonlinear indices of the glass win-
dows Wl and W2 [given after Eq. (17)],and the values for
air [see Eq. (19)] and argon [see Eq. (20)] derived from
recent Kerr' and second-harmonic' ' data. The result-
ing, slightly modified, polarization fractions fo and f4&
should be linear functions of intensity I, in the range of
our observations, and should have slopes equal to the
desired slope f ' of the raw data evaluated in the limit of
low intensity. These modified fractions are given by

values for the expected beam polarizations as the intensi-
ty approaches zero. Statistical error bars that corre-
sponded to two standard deviations in f and +5% un-

certainty in I were assigned to data points. Then the
straight lines seen in Figs. 3 and 4 were drawn to fit the
extremes allowed by these error bars. The errors quoted
in Table I correspond to these extremes. We now devel-
op the theory for relating these results to the derived
nonlinear indices.

III. ANALYSIS OF EXPERIMENT

In analyzing the signals from the two polarizers in the
observation channels 3 and B, we will neglect the spatial
intensity variations (less than 5%) in the propagated
beam and write the optical electric field in the beam as

@(z,t)=Re[e(z)E(z, t)e ' '], (5)

where z is the distance along the beam path and e is the
complex polarization vector normalized so that e '.e=1.
The pulse envelope function E(z, t) is assumed to vary
negligibly during the linear and nonlinear dielectric
response times of the various media (air, windows, etc.).
We have experimental indications that the originally x-
polarized beam becomes slightly elliptically polarized and
slightly tilted in the 15 m before it reaches the quarter-
wave plate. Therefore we assume the state of polariza-
tion before the quarter-wave plate to be

e=x cosv+iy sinv, (6)

e(z) =c+ (z)e++c (z)e

where

e+ =—(x+i y )/ 2v (8)

is the normalized vector representing right-circular po-
larization ( rom x toward y), and e =e+ is the vector

where x and y are the orthonormal coordinate vectors of
Fig. 1. We expect small ellipticity so that ~v~ &&1. We
call the angle of the slow axis of the quarter-wave plate 0
as measured from x toward y. (By design 8= —26'. ) The
optical phase retardation of the slow axis we call P. A
standard polarizer test determined that P was either
—87' or —93' with 1' of uncertainty.

Suppose we write the beam polarization as it travels
through an isotropic transparent nonlinear medium as
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PNL
I

j,k, 1=x,y, z

3c; I, i( co, co, co, co)EiEkEi (9)

then, in isotropic media whose nonlinear response is near-
ly instantaneous,

representing left-circular polarization. Maker et al.
showed that the nonlinear optical susceptibility causes
the initial amplitude of the right-circular component
c+(0) to be multiplied by a phase e '~'" relative to the
phase of the left-circular component c (z). If the ith
spatial component of nonlinear polarization density at
frequency ~ is written as ReP; e '"', and its relation to
the optical amplitude E [the jth spatial component of eE
in (5)] is written'

P(z, t)=( —6mcoc, 22, zinc)(Ic+ I

—Ic I )IE(z, t)I . (10)

That is, at (z, t) the pulse has the axes of its polarization
ellipse rotated by an angle it (in the sense of x to y for
it )0) that is proportional to the intensity at (z, t ), and to
a measure Ic+I —Ic I

of the ellipticity that is not
changed by nonlinear (or linear) propagation. We omit
here, and henceforth, the frequency arguments of the
nonlinear susceptibility functions c,zz„of which the sub-
scripts 1 and 2 represent any two orthogonal directions.
The linear refractive index of the medium is n.

The fraction F (g} of the above beam that will pass
through an ideal linear polarizer oriented at angle y
(from x toward y) after the rotation of its polarization el-
lipse by g is

F =
—,'+ —,

' [cos(2v)[cos(2@+2/ —49)sin (g/2)+cos(2y+2$)cos (P /2)] +si n(2v)si n(2y +2/ 20)sin—PI

U = dt p t F~o+F~o (12)

where p(t) is the pulse power incident on the polarizer.
Since g(L, t) is itself proportional to p(t), we see from
(12) that the fraction f = U, , IU of energy transmitted
by a polarizer at angle y may be written

f =Fo+m I,
where the average intensity I is defined in (1) and (2).
From (10) and (12), we have

m:— F'
0 ( 48 ir cue i ~—2, L In c )M, , (14)

in which

M, = Ic I
c —

I

To compare the predictions of this equation with the
experimental results of Figs. 3 and 4, we see that we need
only to evaluate (1) the intercept F~o =F~(/=0), and (2)
the slope F'0=(i3F IBQ)& o with respect to g, in order
to predict the slope and intercept of the observed frac-
tions f plotted versus intensity. The energy U emerg-
ing from a polarizer oriented at y, and situated at z=L,
after an interaction path length I., is the time integral of
the transmitted power. For small P(L, t) this is

X [c 1221 —~c f 221 ]L n '

=(c l48~ cu)(f'+Af~)(H +EH ), (16)

H, , (0,$, v) —= —(F~0M, ) (17)

and where the uncertainty AH represents the sum of un-
certainties in Eq. (17) arising from uncertainties in the an-
gles y, 8, P, and v.

The nominal values of (1) the ellipticity angle v of the
initial polarization state, (2) the orientation I9 of the first
wave-plate axis ei, (3) the relative retardation P=P, —

P2
of the optical phase P2 along the second wave-plate axis
with respect to the optical phase P, along the first axis,
and (4) the angle y of the axis of the analyzing polarizers
(as depicted in Fig. 1) were 0, —26, —90, and 0' or 45' re-
spectively. For these values substitution of Eqs. (11) and
(15) in Eq. (17) gives HO=2. 616 and H4~ =3.348, respec-
tively.

In the three experimental configurations (a), (b), and
(c), the sum in Eq. (16}will be assumed to comprise a 68
m of air only, (b) 68 m of air plus windows, and (c) 58 m
of argon, and 10 m of air plus windows. We will assume
that the BK-7 glass windows have c[22]:1.8X 10 ' esu,

=cos(2v)sing sin( 20) + sin(2v)cosg (15)

is the previously mentioned measure of ellipticity that is
unchanged by the nonlinear propagation. At this point it
is easy to see how, by keeping the next term ( ~ it ) in the
expansion (12), we would obtain the I term from which
we calculated the corrections of (3) and (4).

From Eq. (13) we see that we may identify m with the
f ' we have measured and listed in Table I, and F o with
the measured intercepts f o. When there are several ma-
terials (labeled by i) of lengths L, and refractive indices n,
in the propagation path, then the nonlinear coeScients
c",z2, and their uncertainties Ac",z2& must be related to the
measured f'' and their uncertainties bf ' (see Table I) by

Configuration
10" l»l( —cu, co, co, —M) (esu)

Material y =0 y =45'

(a)
(b)
(c)

Air
Air

Argon

17+4
19+3'
3+pa, b

19+6
19+9'
3+6a, b

'Assumed value for BK-7 windows as given in text.
Assumed value for air as given in Eq. (19).

TABLE II. Values of the nonlinear propagation coefficient
cl»1, with uncertainties derived from Table I by Eq. (16) with
AH~ =0. The experimental configurations (a), (b), and (c) are as
in Table I and explained in text. Results are given for two
values of analyzing polarizer angle y.



3008 D. M. PENNINGTON, M. A. HENESIAN, AND R. W. HELLWARTH 39

n=1.51, and L=3 cm, with hc»~, =0. ' Using Eq. (16)
we obtain the values given in Table II. Here AH, , was as-
sumed to be zero; the stated errors reAect only the higher
and lower sloped lines, drawn to reAect the extremes of
consistency with the data points in Figs. 3 and 4. We
proceed next to discuss the actual uncertainty AH, , in the
parameter H in Eq. (16), which relates the fraction f of
the propagated beam passing through a linear polarizer
at angle y to the desired coefhcients c'&'2'2, , which predict
the state of polarization after nonlinear propagation.

IV. INTERPRETATION AND CONCLUSIONS

We did not appreciate during the Nova experiments
how sensitive our final conclusions might be to small de-
viations (from the intended, or nominal values) of such
experimental parameters as the angles v, 0, p, and I .

Therefore we first discuss here the magnitudes of this sen-
sitivity before concluding what our most probable value
for c,22, , and its uncertainty, is. If, as we suspect, the
values of v, 0, P, and y deviate from the nominal values
given in the description of the apparatus, and recapitulat-
ed after Eq. (17), then we expect both the intercepts and
slopes seen in Figs. 3 and 4 to be affected. The nominal
values used in Eq. (11) with it =0 predict, for the low-
intensity intercepts (i.e., the polarization fractions),
FO=0.6895 and F4~ =0.2574. These are at variance with
the ranges closed by the limiting straight lines drawn in
Figs. 3 and 4 to reffect our estimate of the uncertainties in
the inferred slopes and intercepts imposed by the scatter
and uncertainties in the data points. (The deviation is
much larger for the 45-135 channel measurements. ) Be-
cause of the obvious variations among data between
configurations (a), (b), and (c), we assume that the win-
dows caused some small but measurable, and different,
effect on beam polarization in each experimental
configuration. We have not modeled window bire-
fringence in Eq. (11). However, we have independent evi-
dence, obtained after the Nova experiments, on devia-

tions of the four angle parameters whose effects are in-
cluded in Eq. (11). The extinction ratio of the wave plate
between polarizers and other checks showed that the op-
tical retardation angle P was more likely to be —93'+1'
than —87'. The beam splitter was observed to cause an
effective change in y by ——2. 8 in the 45-135 channel
and —1.8 in the 0-90 channel, as described previously.
Calibration shots with the quarter-wave plate removed
gave results suggesting that the original polarization axis
was tilted so as to decrease each y by approximately 1.2'.
Calibration shots with the quarter-wave plate rotated to
nominal 0=0 were consistent with an actual 0= —26. 5'
(0.5' less than nominal). Both results were also consistent
with an ellipticity angle v= —3' rather than zero for the
polarization incident on the wave plate. By inserting all
these angle deviations in Eqs. (11) and (17), and calculat-
ing the corrections to predicted intercepts Fo and slope
constants H to first order in these changes, we have ob-
tained our best estimates for the corrections EFo,, and
AH, and given them in Table III. These corrections
lessen the difference overall between predicted and ob-
served intercepts F o. However, these corrections are es-
timates and do not include many other possible correc-
tions that might arise from window birefringence, non-
linear response of polarizers, etc. The effects of any other
set of supposed small deviations in v, P, 8, and y can be
obtained from those given in Table III by linear scaling.
The corrections, and their totals, as given in Table III,
probably indicate the order of magnitude of the uncer-
tainties introduced by b,H~ in Eq. (16).

To proceed to a "best" value for the c,22, coeScient of
air from our data, we alter the four values for this
coe%cient given in Table II by the percentages implied by
the totals for bH in Table III (+9.3% for 0-90 results,
+6.5% for 45-135 results); we then average these
corrected four values, weighted inversely as the percen-
tage errors shown in Table II. This gives, for air at 1.053
pm and 20 C,

TABLE III. Corrections bF~o to predicted low-intensity polarization fractions f~o, and bH to pre-
dicted slope factor of Eq. (16). These were derived by computing the first-order variations of the pre-
dicted fraction in Eq. (11) with respect to the wave-plate orientation 0, the wave-plate retardation angle

$, the analyzing polarizer orientations y, and the ellipticity angle v of the incident radiation. The vari-
ations used here are explained in the text, as are the nominal values about which variations are taken.

Angle errors (deg) 10'AF,,O 10'AH, , (GW/cm )

kg= —0.5
b,P= —3

Ay =0.65
hv= —3

Totals

—8.5
—16
—5.5
41

11(+1.6%)

—13
—137

46
348

244(+ 9.3%)

50= —0. 5
= —3

hy= —4
Av= —3

Totals

2
—12

24
32

46(+ 18%)

q =45'
—104

450
600

—729

217(+6.5%)
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c&22t(
—co, co, co, —co)=(20+5) X 10 ' esu . (18)

(23+2) X 10 ' esu . (19)

This value includes small dispersion corrections to ac-
count for the various measurements having been made at
different wavelengths. It is this value that was used in
making the small data adjustments described in Eqs. (3)
and (4).

It is interesting to note that the cw Kerr measure-
ments' and cw harmonic-generation data" on N2 and O2
gases show that c,22, of air arises 92% from molecular re-
orientation, and only 8% from the nonlinear electronic
response that would occur if the nuclei were not free to
reorient themselves in the optical field. Although the
response time of this reorientation has never been mea-
sured, it is likely to be of the order of the inverse of the
linewidths (full width at half maximum in rad/sec) seen
in rotational Raman scat tering. At 1 atm these
linewidths are heavily collisional and are of the order of
2X10' radians/sec (3 GHz) for rotational transitions in
N2. ' We might expect therefore that our measurements
made with 1-ns pulses would show a c,22& for air of the
order of 5% lower [10 /(2X 10' )] than the steady-state
value calculated in Eq. (19). This correction appears to
be of marginal significance.

To help connect our convention for coefficients with
others commonly used, we note that cw Kerr and
harmonic-generation data imply c

& & & &
=(3.0+0.3)

X 10 ' esu for air at 1.053 pm and 20 'C. This
coefficient is often expressed in terms of a nonlinear index
nz, in terms of which the self-induced change in refrac-
tive index experienced by a linearly polarized beam

The uncertainty quoted here is the smallest statistical un-
certainty listed in Table II (+16%) increased by +9% to
account for possible systematic errors of a magnitude in-
dicated by Table III. These numbers represent our best
estimate of the uncertainties expressed by Af 'r and b,H&,
respectively, of Eq. (16). However, we have found with
the aid of Table III that other consistent scenarios (e.g. ,
b, / =+3 instead of —3) give c,22, values within the lim-,
its quoted in (18).

The result (18) agrees well with the value calculated for
the same coefficient by some elaborate manipulation of
data from both Kerr constant and second-harmonic mea-
surements in N2 and Oz (Ref. 9):

equals n2(A' ). Then n2 equals 12vrc„» In .Therefore
n2 for air at 1.053 pm and 20 C equals (1.1+0.1) X 10
esu. This is two orders of magnitude smaller than the
values for BK-7 and typical laser glass.

The results given in Tables I and II with argon gas in
58 m of the propagation path give a very uncertain esti-
mate for c,z2, or argon. Nevertheless, these results
confirm that replacing the air in a beam path with argon
gas can reduce the polarization ellipse rotation consider-
ably. The value for c,z2, (

—co, co, co, —to) of argon gas at
1.053 pm, as calculated from recent Kerr and second-
harmonic measurements, is

(2.0+0. 1)X 10 ' esu, (20)
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one order of magnitude smaller than the value for air,
and quite consistent with the results of our experiments.

Our value (18) of c&zz, value for air is about half of the
most recently published value, 46 X 10 ' esu, deduced by
Vlasov et al. , from measurements of intensity-induced
polarization changes at 1.06 pm in air, relative to a par-
ticular Soviet laser glass (LGS-27). Because this glass is
unavailable to us, and because Ref. 8 contains insufficient
detail about their unusual "five-focus" beam geometry
and diagnostics, we will not speculate on this large
discrepancy. We believe, on the bases of our observa-
tions, that the best values of c,22, to use in beam path cal-
culations for air and argon are those, given in (19) and
(20), which are calculated from low-intensity measure-
ments of Kerr effect and optical harmonic generation by
the theory of Ref. 9. Our experimental value (18) is con-
sistent with (19). We have also shown that replacing air
by argon may be effective in eliminating troublesome
nonlinear propagation effects.
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