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From Figs. 1 and 2 we see that there is a good overlap
of T1" emission resulting from the 3P,-'S, transition®
with the ®P, ,, state of gadolinium. The population of the
5P, level is fed from the 3P, metastable level which acts
as a trap and causes a delayed fluorescence with a time
constant of about 400 nsec.® Therefore, the time of find-
ing electrons in the 3P, level is long enough to permit
energy transfer from that level to a resonant ®P, sz level
of gadolinium. This finding will permit the increase of
gadolinium fluorescence on excitation at 253 nm.
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Enhancement of self-focusing threshold in sapphire with elliptical beams*
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The power threshold for optically induced bulk damage in sapphire is a sensitive function of
the ellipticity of the incident beam shape. Experimental results are consistent with a simple

self-focusing theory.

We wish to report observations of the strong influence
of departures from circularity of an optical beam on the
power threshold for optically induced bulk damage in
sapphire. This threshold, which is known to arise from
the formation of a catastrophic self-focus in the medi-
um,! is found to increase appreciably when the beam
cross section is distorted from a circle to an ellipse,
and when vertical and horizontal confocal parameters
differ (leading to ellipsoidal phase fronts). These ob-
servations are consistent with the theoretical predic-
tions of Vorob’yev? and Shvartsburg,® which are extend~
ed slightly here to apply to our experiment.

Qur experiments were performed using the output of a
single-mode @-switched ruby laser and amplifier fo-
cused inside sapphire samples with different lenses.
The laser and associated monitoring apparatus are de-
scribed in detail elsewhere.* The far-field beam pro-
file was measured to be Gaussian down to 8% of the
peak, using a modified multiple-lens camera technique.
Typical pulse lengths are 20 nsec. The sapphire sam-
ples are typically 3-in. -long by i-in. -square bars.

Damage threshold powers for circular beams of differ-
ent sizes are shown in Table I and compared with re-
sults for elliptical beams. The first three entries in
Table I show the increased threshold power with beam
size indicating the influence of electrostriction.! The
dimensions listed in Table I are those at the beam
waist, near which the self-focus first forms at thresh-
old for circular beams. The remaining entries in Table
I show the effect of noncircular beam shapes. The fourth
entry gives the threshold power for an elliptical beam
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whose short dimension is the same as the first entry,
whose long dimension is the same as the third entry,
and whose area is the same as the second entry. We see
that the threshold power is appreciably higher for the
elliptical beam compared with any of the circular
beams. The last two entries in Table I show data for
more elongated elliptical beams where we were unable
to reach threshold at the maximum power available from
our system.

Each power threshold in Table I was determined from a
series of eight laser shots of differing peak powers.
When damage occurred, the damaged region was found
to possess a circular rather than an elliptical cross
section. In fact, the appearance of the damage tracks
formed above threshold was indistinguishable from
those caused by circular beams. The tracks themselves
were confined to the region between the two line foci of
our astigmatic optical system, but there is no evidence
that they would not extend beyond the upstream focus at
higher powers.

To correlate these observations with theory, we have
found it necessary to resort to the “paraxial-ray—con-
stant-shape” analysis of self-focusing outlined in Ref. 5.
More accurate numerical solutions of the nonlinear
wave equation, such as those employed in Ref. 1, are
extremely difficult to obtain in this case, because the
noncircular beam shape requires an additional degree

of freedom in the computer code. Nevertheless, the ap-
proximate analysis has had some qualitative success,®
and leads to simple expressions.
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TABLE I. Comparison of damage threshold powers for circular and elliptical beams of different sizes.

—_ = ]

Type of beam Radius® (um) Area (um?) Damage threshold power Astigmatic focal length?
(MW) in medium (cm)
Circular beams 14 6.3%x10% 0.51+ 0,04 coe
(dimensions at low- 37 44 X107 0.74% 0. 07 R
intensity waist) 100 308 X102 1,23+ 0.10 e
Elliptical beams (dimen- 14 X100 44 x10° 6.0 0,50 2.99
sions at upstream low- 14 X1200 535 x10° >17°¢ %
intensity waist) 7 X1200 270 X10% >17¢ w
aThe beam radius is defined as the 1/e radius for the intensity. London, 1965), p. 171].
PThis is the distance between the two line foci [see M. Born CUnable to reach threshold at this power.
and E. Wolf, Principles of Optics, 3rd Ed. (Pergamon,
Assuming an optical field of the form =0 occurs only if P/F, exceeds
(Paobo)? [ 1 1\2
E =3E, exp(i9) expli(kz — wt)] +c.c., Nee =N + 4, \R, "R/ (7)
c a

E,=E,(z) exp[- 3(x*/a? + y?/P)],

we find by the method of Ref. 5 the following equations
for the horizontal and vertical beam parameters a and
b:

d?a 1 Ui

2272 _ -

PaE= AT @b M
dzb 1 n

LR @)

Here n=P/F,, where P is the total power and P, =n°c/
4¢,#2 in Gaussian units. The first terms on the right-
hand sides of Eqs. (1) and (2) represent the effect of
diffraction, while the second terms arise from the non-
linear contribution %eab?, to the dielectric constant. # is
the linear refractive index. Vorob’yev,? who derived
Eqgs. (1) and (2) in a different way, has shown that they
imply

dS
E(az+b2)=0, (3)

which can be integrated to give
(a® + 5%) = [R3(@3 + B2) + (2/ayb,) (m, - )]z
+ 28(ay, + boby)z + K2 (a2 +b2). )
Here a, and b, are the axes of the ellipse formed by the
€! points of the transverse intensity profile at z=0,
and 7, = a,/2b, +b,/2a,. The initial rates of change 4,

and b, are simply related to the principal radii of curva-
ture R, and R, of the phase fronts at 2=0:

R,=ay/dy, szbo/l;o-
Using Eq. (4), the reader may easily find that the on-

axis intensity, which is inversely proportional to 2ab
<a? +b?, becomes infinite at the point

2 feo =kaobo(n/n¢ - 1)-1/2’ (5)

for plane incident phase fronts and 1>, . It is therefore
clear that the critical power for self-focusing is

P.=n/P, (R,=R,=), (6)

which equals P, for circular beams. For finite values of
R, and R,, a real solution for z of the condition o? + b?

For P=1,F,, the self-focus occurs at z=2z,, where
~ (a2 +b2)/2,=a2/R, + B3/R,. (8)

For higher powers the self-focus will be found at

ZO
= 1+ (2o /Rab (= 1)/M, 72 *

For the fourth entry in Table I, the beam parameters
are q,=0.179 mm, 5,=0.232 mm, R, =4.05 cm, and
R,=17.04 cm. The measured power threshold for the
onset of bulk damage was from five to twelve times
higher than that for circular beams of comparable di-
mensions, and the damage first appeared at z=5.8 cm
from the entrance face. Assuming that the damage
should first appear when a catastrophic self-focus forms
at P=1,, P, we expect from Eqgs. (7) and (8) that the
threshold power should be increased by 7,,=12.7 and
that the damage at threshold should appear at z,=5.51
cm. The latter figure agrees well with the measured
value, and the change in critical power is certainly of
the right order. Unfortunately, our knowledge of the
influence of the transient electrostrictive contribution
to ¢, is too poor to allow us to know which of the first
three entries in Table I we should choose as P,. The
first entry (F,=0.51 MW) gives excellent agreement
with theory, but the electrostrictive response for an
elliptical beam can hardly be as large as that for a
circular beam whose diameter equals the small radius
of the ellipse. Nevertheless, the agreement with theory
is sufficiently good to allow us to conclude that the
damage morphology and threshold are well understood
in terms of the self-focusing theory.

(9)

By

The theory outlined above gives simple formulas for the
powers and distances at which the quantity a2 + 5 van-
ishes, but the intensity can become infinite only if the
area 7ab of the beam vanishes. A closer examination of
the solutions of Eqs. (1) and (2) shows that a and b both
vanish at the same point. Prior to this point, the ratio
a/b approaches unity. This is consistent with the ob-
servation that the cross sections of the damaged region
have a circular shape along the entire length of the
damage track. We remind the reader that at some point
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between the astigmatic line foci the low-intensity-beam
cross section must be circular, but elsewhere it is
elliptical

These results imply that difficulties which arise from
bulk damage due to self-focusing in high-power optical
systems can be avoided or ameliorated by the proper
choice of beam parameters.

The authors are grateful to V. Evtuhov for helpful dis-
cussions and for providing English translations of Refs.
2 and 3.
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An inverse Lamb dip has been observed for infrared-microwave two-photon transitions in
“NH; and 'NH;. The signal was sufficiently strong to be cbserved on an oscilloscope with a
detector time constant of 3 msec. The observations establish a method of measuring differ-
ences between laser frequencies and molecular absorption frequencies with high accuracy
even if this absorption is outside of the tuning range of the laser lines. A double resonance
experiment involving the two-photon inverse Lamb dip has also been conducted.

Most of the observations of an inverse Lamb dip in the
infrared and optical regions of spectra have been limited
to absorption lines which lie within the tuning range of a
laser line.! When the absorption line is outside of this
range, an electric? or magnetic?® field has been used to
tune the spectral lines into resonance. More recently,
the inverse Lamb dip has been observed by using pulsed
tunable lasers. *5 In this letter we report the observa-
tion of the inverse Lamb dip for infrared-microwave
two -photon transitions. The advantage of this method is
that we can measure the frequency of a Lamb dip outside
the tuning range of the laser directly and accurately by
measuring the microwave frequency.

Since the initial observation of infrared-microwave two -
photon transitions, ® the technique has been used to obtain
high-resolution infrared spectra of *NH, and '*NH,.” In
the experiment, microwave radiation having a tunable
frequency is “added” to infrared laser radiation of fixed
frequency by using the nonlinearity of a molecular
transition process; in effect, we render the laser tunable
about the original laser frequency.

An inverse Lamb dip in the absorption is observed when
the transition moment of the two-photon transition,

(LE);y =G| p, B, |m)¥m|u E,|f)/2hAp, 1

is on the order of, or greater than, the pressure-
broadening Av,P. In Eq. (1) E, and E, represent the
electric field of the microwave and the laser radiation,
respectively, which are parallel in this experiment, and
f,and g, are the permanent dipole moment (1. 461D) ®
and the vibrational transition dipole moment (0.24D), °
respectively. The letters ¢, m, and f represent the
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initial, intermediate, and final molecular states in-
volved in the two~photon transitions, and Ay is the
difference between the frequency of the laser and that of
molecular transition (see Fig. 2). With E,, ~30V/cm
and E,~100 V/cm, (LE);y/h is on the order of 100/av
MHz for transitions with high M value (M is the quantum
number for the projection of the total angular momentum
along the field). Since the pressure-broadening param-
eter Av, is on the order of 30 MHz/Torr, ® these elec-
tric fields can saturate two-photon transitions with Av

~ 500 MHz in ammonia at a pressure, P, of 10 mTorr
or lower. The observable Av can be increased by simul-
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FIG. 1. Block diagram of the apparatus,
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