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A, REPORT SUMMARY

High power excimer lasers operating in the ultraviolet region of
the spectrum have revealed limitations imposed by failure of window
materials and coatings. More reliable, quantitative data on two photon
absorption cross sections and other nonlinear processes in ultraviolet
window and coating materials are needed.

We have developed at Harvard University over the past several
years, various techniques to study quantitatively breakdown thresholds
and other nonlinear phenomena. Reproducible single picosecond pulses
with Gaussian temporal and spatial profiles are available from a Nd-Yag
systemm., We have used pulses at the fourth harmonic frequency, corres-
ponding to the ultraviolet wave length A =266 nm, to measure the two-
photon absorption cross section in a number of alkali halide crystals.
The results are detailed in Section B of this report. The intrinsic two-
photon absorption coefficients lie in the range 1 - 4X 10'3 cm/Mega watt.
Details may be found in Table 1 of Section B, The cross sections appear
to be about one order of magnitude smaller than previously reported for
KCl and RbBr., Lithium fluoride with a bandgap larger than 2 #w, does
not show any detectable two-photon absorption at 266 nm. The data will
be extended to other wavelengths, notably the third harmonic at 355 nm,
and to other oxide and fluoride window and coating materials,

A ruby laser system, coupled with a dye laser pumped by the

second harmonic pulse of the ruby frequency, has been used to measure

the two-photon absorption cross section in T'LOZ. GaP, CdS and SrTiO3.

A novel method has been developed, in which the two photon absorption

cross section is compared with known attenuation due to the inverse
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raman effect in cyclohexane. Details are described in Section C of
this report, which is essentially a manuscript submitted for publication

in the Physical Review. This work will be extended to higher frequencies

and materials with wider bandgaps. It would be of particular interest to
vary the dye laser frequency, so that the two photon absorption cross
section can be scanned across the intrinsic band gap.

Finally, the nonlinear infrared absorption in InSb is being studied.
The subnanosecond COZ-pulsed laser facility permits the study of non-
linear effects, at intensity, which in longer pulses would invariably
damage the window material. The intrinsic distortion of valence and
conduction band in InSb has been studied theoretically by others,
notably Tsoar and Gersten. A nonlinear behavior of the transmittance
and reflectance of InSb during the short pulses has been observed.
These data are presented in Section D of this report. Their interpre-

tation in terms of solid state plasma theory is continuing.
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B. TWO-PHOTON ABSORPTION OF ALKALI-HALIDES AT 266 nm

Due to the increasing interest in u.v. lasers, it will be useful to
know the absolute value of absorption coefficients of materials with large
band gap like Alkali-halides which have band gap range from 5.6 eV to
12,5 eV. Few data were published for Alkali-bromides and Alkali-
iodides [1-4]. In this experiment the absorption of Alkali-halides were
studied with the 4-th harmonic of YAG-Nd laser at 266 nm.

The Alkali-halides can absorb the 266 nm photon (4. 66 eV)
appreciably through nonlinear processes at high intensity., The two
photon transition rate W(Z) is given by second order perturbation
theory [5-6], and Keldysh model [7].

The method used is described elsewhere [8]. The attenuation of

the beam is given by

dar  _ 2
5 = -al-8l . (1)

@ is the one-photon absorption coefficient, and B is the two photon
absorption coefficient, which is related to W(Z) by

w(®

B = 27w —Iz— (2)

The transmitted intensity can be found from (1)

(1-R)%1(r, 4, t) ¥4
Ur,4,t) = — (3)
1+B(1-R)I(r, 4, t)(1-e 2 %) /a

where £ is the thickness of the sample. R is the surface reflectivity

the multiple reflection within the medium is neglected.
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The mode-locked YAG-Nd laser-amplifier system is described in
[8] and in a previous joint technical report (ARPA and Joint Services
Electronic Pr;)gram No. 665, October 1976). The system gives a 10 mJ
single pulse at 1,06 pm. The beam profile was measured carefully. It
is Gaussian both in space and time. The pulse has duration 30 ps. at full
width half maximum. The fundamental is frequency doubled by CDA
crystal, then doubled again by ADP crystal (Fig. 1). Both are tempera-
ture tuned 90° phase matching which gives no walk-off. The overall
power conversion efficiency at 100 MW input is 20%. The beam profile
at 266 nm is monitored by photo-diode array, and fitted with a Gaussian
curve with 1l/e radius 0. 68 mm.

In order to give absolute values, the beam is monitored carefully.
A plane vacuum photo-diode D 1 (Fig. 1) is used with fast oscilloscope
to make sure the beam is a single pulse. The fluctuation in the pulse
width is taken into account by monitoring the energy of each pulse both

at 1.06 pm and 266 nm [9]. Consider the fundamental Gaussian pulse as

g = 1 o (F/A° . -tt/m)°

o , (4)

2

-nllzlm-rA, where A =md®°. The 4-th

The energy is given by Ef =

harmonic has energy Eh =qﬂ‘1/2 I:n 7'A' where T1'=7/2, A'=A/4,

and q is the conversion efficiency, We have

1/3

E? / (5)
-3 TA .

E,

The intensity at the sample is increased by a pair of focusing-
collimating lenses. The sample is put behind the focus to avoid self-

focusing. The focal length of the lens is measured by comparing the
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beam sizes before and after the lenses system. With a photo-diode
array, the focal length is determined to be 24.7% 0.3 cm.
In order to determine B, the energy transmission coefficient is

measured, For a Gaussian beam:

2 2

I e-{r/dT ~(t/7) (1-R)% &~ 4
Ir,£,t) = = 5 > (6)
1+ 81 1-R)e (F/A" -t/ -aty ), 1
4
gout  2n [ rar [T 1 (ra.t) a i
T = . = - 'd
E'P 1_naln'/2, "-
m 1
¥ d 2 ﬁ
a e 1-R j B ~ag, -x)

= 2% . In{l+=1 (1-R)(1l-e Je
m L
(7) |

“
At low intensity, we can get an approximate form for the integration. -
We find: :
lim T = e *4(1.R)? (8) b
I_»0 1
d/T) . B __(1-e%% n
lim &5— = = Y (9) -y
.20 % 'm 22 (1-R)e o
The approximation is good for (B/¢) Im(l-R)(l-e‘a!') < 1, whichis )
true in the experiment for Im as large as 600 MW/cmZ. Also, the i‘
one-photon absorption coefficient & is small in Alkali-halides, We get -*i
-

lim T= (1-R)? (10) :
I -0 |
m
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lim —(—lg 11/'1* ~ Bt (11)
10 m 242 (1-R)

Now, it is clear that the slope in 1/T verses I, graph will give the

B value,

Im is measured with D3 which is calibrated with respect to a
thermocouple with calibration accuracy * 5%,

Typical data is shown in Fig, 2. The rather large absorption at low
intensity can be ascribed to surface polishing. From the approximate
value of B found by Equation (11), a set of curves are generated by
Equation (7) with different values of B near that approximate value.

The B is then chosen by the best fit.

In order to make sure there is no artifact, the transmission
coefficients are measured without sample and with sample having band
gaps larger than 2 fw, Typical data for LiF are shown in Fig. 3,

The error involved in the determination of B is found to be 8%
from beam size, 12% from the approximation of constant conversion
efficiency g which is intensity dependent [10], 5% from calibration of
photodiode, and the scattering of data points which is 15% to 30%.

Thus, the uncertainty is 40% - 55%.

Fluorescence is observed in the medium along the path of the beam
[11,12]. Visible color can be seen after a few shots. In KCl the absorp-
tion of 532 nm by the color track is observed which can be explained by
the position of absorption band of F-center [13].

The physical process involved seems to be electron hole pairs
generated by two-photon excitation. They form excitons and give out

fluorescence. The exciton energy is given up to form Cl2 and F-

center [14].
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By measuring the transmission after the F-centers are formed and
relaxed, it is found that there is no change in the two photon absorption
m coefficient. In order to determine any possible absorption other than two-

photon absorption within the laser pulse, a better detection system to reduce

the scattering of data points is needed.
! The polarization dependence in KC1 has been measured. A change

of 50% is observed by changing the electric field from [001] to [011]

direction, ‘
! Since the power used is much higher than the critical power for self- |
| focusing [15], it is important to notice any change in beam size by self-
focusing. The beam sizes before and after the sample are compared, and
the measurements have been done with different sample thickness, also by
observing the stable color track formed in U-center doped KC1 [16] under

a microscope. No evidence of self-focusing has been observed so far.

It is possible that n, is changed by the two-photon absorbing levels, and

2
self-focusing tends to concentrate the power while two-photon absorption
tends to remove the power at the peak,

An electronic system to monitor the energy of laser pulse has been
constructed, but noise from the spark gap in pockel cell single pulse selector

presents a problem. |

Numerical data for the two photon absorption coefficients in several

alkali halides are listed in Table 1. These should be compared with earlier

data listed in Table 2 but obtained by less accurate techniques available a |

N £ i Mt
D A Lt

decade ago. These were also quoted in the Eighth Technical Report, Dec-
ember 1976, by M. Sparks and C.,J. Duthler of Xonics, Inc., It is seen that
the intrinsic two photon absorption coefficients appear to be about one order '

of magnitude smaller,

Y L




1 J1dVL

0 LY 0 09 [to00] [oo1] € 01 Jvy
n... %S ﬂm-Sxow.N 0°1 02 [to00] ‘[oo1] 1°9 194
. %S¥ F .01 X81°2 0°1 02 [to00] [oo1] 9°g igqy
%S5 F .01 X9 °1 16°1 02 [to0] [o01] 9°8 7099
%0% ¥ . _0T X20°1 09 °0 02 [t 00] foo1] 9°8 7094
%SS .01 XL 2 01°2 02 [100] [o0T1] G°8 (o)
%SS T 01 X8°1 »L°0 0?2 [100] [o01] '8 Aﬁoﬁoo....o.w
%0S F_01 X¥'E L0 02 [t10] [ooT1] G'8 jo)"
91 3W _01Xx9e 72 %S¥ ¥ 0T XL'T ¥L°0 02 (too] foor] '8 jod.
%0¥ T _O1 XS ‘7 ¥L°0 8 {roo0] foo1] L°L ageN
Yyshproy ¢ OTXL ' < %0S ¥ ¢ .01 XS '€ ¥L°0 91 [100] [o01] L'8 7TO®N
v MW/wd ¢ (wo) 7 (M) 1eg q TewaoN (A®) 33 [eutate N

D aoeyang

et et it a1 oa e

£ -

PUIPY P



4 —— b 4 WIS, 4 1

3 . \

|

7 F14AVL b
A98 35 R

. ~H+~H? . | “

: . *

'- u

w 1 ) 4

N f

A \

T k lolaeyaq [RIdUIN : {

. (31un Laeajyqae) vopydrosqy , J

= 4

;

F, ¢

L

.L p

s R

1 P19} 01 XT1°% 1°L 18D :

, - ( ‘'dwogy BO.CN | P

F(0L61) L¥S ‘0% °10S "3e3s Ayg ‘youprg ' 2-01 X€0°2 0°8 1gsD S

1 : 4

g (6961) SSPIV ‘LET "W'd ‘Maed M ¢-0T X85°L 6S ‘¥ b : :

"(€961) ¥1¥ ‘TT 19 'd “i3ed ') .01 X §°L Ly I3 N

1 "(8961) 92¥1 ‘27 "T1°¥'d ‘Nied °N 2-01 X 62°2 €L 195 : Co

F, v !

| Py 201 X 0E 1 0°8 ¥°L gy | 4

. ‘P1q1 2-01 X€2°1 0°8 sZ°L 1gqy ’

. "(L961) 96% ‘61 "1 ¥ °d ‘Y21pad ‘A 2-01 X20°2 0°L 92°9 194

4 . '
aouaxayey (MW/wo) ¢ (Ao) Cq4lm (A9) 33 Telrajey . :




It is planned to extend the measurements of the two photon
absorption cross sections to other materials used in UV windows and
coatings. Furthermore, data at the third harmonic of Nd-Yag at 353 nm

will be taken.
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C. ABSOLUTE DETERMINATION OF THE TWO-PHOTON

ABSORPTION COEFFICIENT RELATIVE TO THE INVERSE
RAMAN CROSS SECTION

With the development of high-power lasers, it has become possible
to investigate many nonlinear (NL) optical processes, In particular, the
two-photon absorption (TPA) process by which two photons are simul-
taneously absorbed has been explored extensively. The selection rules
for the TPA transitions are in general different from those of the one-
photon transitions, and therefore, the measurement of the TPA properties
of a material system is complementary to the linear measurements. A
lot of information on the symmetry of the material eigenstates, including
states which are unseenin linear s pectrosco.py, may be obtained from the
relative values of the different components of the TPA tensor. 1 Inform-
ation about the magnitude of the transition matrix elements, the density
of states and the energy eigenvalues may be obtained from absolute
measurements of the TPA coefficient and especially from its frequency
dependence. 2 Unfortunately, these latter measurements are known to be
difficult because of the strong dependence of the TPA process on the
parameters of the lasers used. This fact is reflected by the large
scattering of the reported results in the literature.

New techniques for absolute measurement of the TPA coefficient

have been recently reported. 3-9

In the first kind of technique, the value
obtained for the TPA coefficient is based on a good knowledge of the laser's
parameters. 3,4 These measurements can be performed only with those
particular lasers which may be quite well characterized, and therefore

the spectral region of the measurement is very limited. The second kind

of technique, which is independent of the laser parameters, is based on

absolute calibration of the TPA coefficient by other known nonlinear (NL)

PR O T SR ST PR
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cross sections. This type of measurement may be carried out at different
laser frequencies. This was done in Ref. 5 using the second order NL
susceptibility of quartz as the NL reference. A disadvantage of this
specific calibration is the assumption that the quantum efficiency for the
induced fluorescence by the absorption of one photon at 2w is identical
with the efficiency associated with TPA of two photons at w. In Refs. 6-9
the calibration of the TPA cross-section is done in relation to well known
Raman scattering cross sections. In contrast with all the other classical
TPA techniques, this measurement, which utilizes a NL parametric mixing
technique, is not associated with real material transitions and therefore
stepwise multiphoton transitions do not interfere in the measurement7
and the value for the TPA coefficient may be unambiguously obtained.
Another simple normalization technique has been proposed recent:lym
which i3z very useful for obtaining relative values of TPA coefficients of
different materials independent of the properties of the laser used. 1 This
method may give absolute TPA coefficients by using reference materials
whose TPA coefficients have been measured by, for example, the method
of Ref. 7.

The purpose of this paper is to report on a new method for the direct
calibration of the TPA coefficient relative to well known inverse Raman

8,12,13

cross sections. By this method we calibrated the TPA of CdS,

GaP, SrTiO, and TiO, at 31660 em™! relative to the Raman cross
section of the strong 2855 crn'l CH mode of liquid cyclohexane. Moreover,

the dependence of the measurement on the laser parameters could be

eliminated in a two-channel normalization experiment in ways similar to those

used in Ref. 10, and thus very accurate and reliable TPA coefficients were
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b
i obtained. This general method may also be used for the calibration of

absolute Raman cross sections.

Theory

When two laser beams, a strong beam at wy, and a2 weaker probe
beam at wp interact in a NL material system, the strong beam induces

a change in the complex refractive index at the probe frequency. The

(2)

real part of this change is proportional to n'"’, the self-focussing

14,15 while the imaginary part of this change is responsible

coefficient,
for NL loss or gain at Wp 14 The net gain or loss at Wp is proportional
to the imaginary part of the NL third order susceptibility X(3) (-wp, Wps
Wiy - wL). Neglecting higher order processes, the probe intensity may be
described by:4

dlp

?;— = - O'PIP - pILIP (la)

where

g = 32 n? wp/(cznan) Im x(3)(-wP, Wpr Wy, W) (1b)

Ii and n, (i = P,L) are the laser intensities and the refractive indices,
: at wp and Wy, re.spectively, ap is the linear absorption coefficient at

wp, and c is the speed of light.

|
* Sl .
‘.

R It is clear from Eqs. (1) that the NL process is enhanced whenever

(3)

X reaches a resonance. 16 We are dealing here with systems which are

transparent at both wy, and Wp» and therefore only the resonances of

T x(3) which are associated with two-photon transitions (i.e., TPA or Raman)
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of the material system will be taken into account. For a system occupying

(3),

the ground state, loss at wp (or a positive contribution to Imy

occurs in the TPA case, i.e., when wp tw is close to two-photon

L

transitions of the material. Raman transitions, however, may contribute

to both gain angd loss at Vp- When Wy, - Wp is close to a Raman
(3)

transition, and Wy, > Wps the Raman contribution to Imy is negative

and is associated with gain. This gain is responsible for the strong

amplification in the stimulated Raman effect. 17 When wp > Wi, the

(3)

sign of the Raman contribution to Imy is positive and the Raman

transition is associated with absorption at Wp- The latter process, which
13,8, 16

is usually called the inverse Raman effect, is used in this work
for the absolute calibration of the TPA coefficients, The cross section of
the inverse Raman effect is a measurable quantity since it is directly
proportional to the spontaneous Raman cross section.

We will now explain the details of the calibration procedure. We

first solve Eq. (1) for a slab of NL material of thickness d and get for

the transmitted energy:

Ip(x,y,2 = d,t) (I-RP)ZIp(x, y,2=0, t-ng d/c)x

exp - {o.P d+B ek (x,y,2=0,t-n, d/c)} (2)

peff (I'RL) (1°e-aLd) p/aL ’

where B is the TPA coefficient or the inverse Raman absorption
coefficient and . Ri and n, (i=P, L) are the one-photon absorption
coefficients, the reflectance and the refractive indices, respectively, In

the solution (2) we assume that only linear attenuation, and no back reflection,
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i

affects the strong beam at Wy The total transmitted energy of the

probe pulse, ET’ is given by the integration of IP over the pulse
duration and the pulse cross section. Neglecting the dispersion of the
refractive index, which is a good assumption for long pulses and thin

samples, we get for ET:

ET = exp {-o,Pd} (I-RP)2 fd‘r dx dy IP(x, y,z=0,T) exp - {ﬁeﬂlL(x, y,z=0, T)}.
(3)

This expression clearly demonstrates the importance of the spatial
and temporal overlap of the laser pulses in the measurement of B.

Similarly to Ref. 10, we define p(IL), the ratio between the trans-
mitted energies of the probe beams through two different samples A and B

for identical laser pulses:

A A A A

E i exp{-al; d }fflp exp{-ﬁeﬂIL} d7 dx dy
p=—F* E_B B (4)

Eo exp{-apd }fflp exp {-po 1} dr dx dy

where K is a constant independent of the laser intensity. Note that p is ‘
a complicated function of I; and the beam overlap. If the strong laser

beam is attenuated in sample A by a filter of transmission F, the factor

IL in the numerator of Eq. (4) should be replaced by F-IL. It is clear
y that when F obeys the relation
B ;. A
F o= Pt/ Pess (5)

the two integrands in Eq. (4) are identical and the ratio p is independent

]
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can be found experimentally by checking the dependence of p on IL’ the

and the characteristics of the beam overlap. Therefore, since F

. B A
ratio peff/peff can be evaluated.

Experiment and Results

The TPA measurements reported here were calibrated using the

2855 cm.l mode of cyclohexane. In Fig. 1 we illustrate our measurement J
of the inverse Raman absorption cross section of cyclohexane in the

1

region 3000 >‘wP - Wy, >2800 cm”™ . This measurement was done by ]

measuring the attenuation of the variable frequency dye laser probe

beam3’ 18,19 for a normalized intensity of the strong Ruby laser beam.
With the narrow linewidth lasers used, the measured spectrum of ﬂeff
fits quite well a measurement of the spontaneous Raman scattering which
is also presented in Fig. 1. The coincidence between the two spectra is
a good check for the reliability of the experimental system.

The absolute Raman cross section of the 2855 cm-1 mode of cyclo-
= 4880 X) and reported by Colles and

hexane measured in the blue (KL

Griffiths2® is used for calculating

relations:hip14
3 1 -d@g
X( )(-US’wS’UL’ -UL) x 'T_ - (6)
wsuL aa

(3)

was introduced in the
(3)
X -

No correction for the small dispersion of
calculation of the inverse Raman absorption coefficient, B, from
The cross section measurements in Ref. 20 are based on the Raman

cross section of the 992 cm” mode of benzenereported by Skinner and

PP ST G G
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Nilsen. 21 The latter cross section is slightly larger than the one
reported by Kato and Takuma. 22 Therefore, the value of B for cyclo-
hexane given here (8 =0.0019 cm/MW) may be somewhat high. Con-
sidering also experimental reproducibility, an uncertainty of about

4+ 20% for the cyclohexane inverse Raman absorption coefficient, 3, seems
to be reasonable.

The TPA measurements were done using a two-channel normalization
t:echnique10 and the conventional TPA technique. 3,18,19 The experimental
setup for the two-channel normalization measurements is shown in Fig. 2.
A multimode Ruby laser is used as a source for the strong beam at wy,
and for pumping (after doubling the frequency) a visible dye laser (wP).

An intracavity telescope in the dye laser is used for narrowing the output
below 0.5 &. 23 The beams of the Ruby and the dye laser are combined

by a dichroic-mirror (DM). A glan prism (GS) splits the colinear beams
into the cyclohexane cell (S A) and the examined sample (S B). After
filtration by the cutoff filters (Fi)’ the two probe beams are detected by
two HP 5082-4220 diodes. A plate of ground glass (G) is inserted in

front of each diode in order to minimize the effect of the nonuniformity of
the laser beam and the diode's active area. The signals are amplified,
digitized and punched on a tape which is later analyzed by a computer. ?
The relative intensity of the Ruby laser beam in the samples (i.e., the
value of F) may be varied by rotating the double Fresnel prism (DFP) used
as a half-wave plate. For a given value of F the ratio p (IL) is measured
for different Ruby intensities which are obtained by inserting filters (VA)

in the Ruby beam. An iris in front of the splitting prism GS is a critical

component in the TPA measurement. By proper setting of this iris the

e e A e
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overlap integral [Eq. (3)] is maximized.

Fig. 3a shows our results for p for CdS/cyclohexane and for
CcS/‘I’iOZ. It is seen from the figure that the appropriate values of F
for which p is independent of I, are 2.2<F<2,56 and F = 1.4
for c«:s/ch12 and CdS/TiOz, respectively. Using Eq. (5) and the
linear data of the samples given in Table I, we obtain the values
Bcas = + 056 £ . 006 em/MW and pCdS/p‘I‘iOZ 2 2.4. Ina similar way

we normalized f of SrTiO3 vs, cyclohexane, = .003 +.001 cm/MW.

pSrTiO3

Using the conventional TPA technique we measured the TPA coeffi-
cients of CdS, Tioz, and GaP relative to the inverse Raman cross section
of cyclohexane. The TPA coefficients were obtained by comparing the

transmission of the samples at Wp for different values of I In order

L’
to minimize the drift in the experimental conditions, the samples were
mounted on a special holder which allowed us to switch samples rapidly.
The results of this measurement are shown in Fig. 3b and are tabulated
in the fifth column of Table I. For comparison the results of the two-
channel normalization measurements are listed in the fourth column of
this table. The error bars in Fig. 3 represent the standard deviation of
p and pe ¢ The uncertainty in the data points for cyclohexane and ']I’iO2
shown in Fig. 3b are relatively small because of the large number of laser
shots (~50) averaged at each of these data points.

The value B .= .07l +.015 cm/MW and the ratio pCdS/pTiO =
2.6 +.6 obtained by the conventional TPA technique fits very well the
results of the two-channel normalization measurement. The uncertainty

in the former measurement is, of course, larger than that of the two-

channel experiment.
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Cds 6
CG le(d =50mm)

CdS
Ti 02 4

p  (Arb. Units)

1 1 J | ]

0 05 T 1 2

Ruby Intensity (Arb. Units) Ruby Intensity (Arb. Units)
()] (b)

FIGURE 3. a) p, the ratio between the transmitted energies in the samples
CdS/cyclohexane and CdS/TiOz vs. Ruby laser intensity. Each
value of F corresponds to a setting angle a of the DFP,

b) peff vs, Ruby intensity, as we measured by the conventional
TPA technique. Each data point represents the average of
~ 10 laser shots except the 'I‘iO2 and cyclohexane with ~50
shots.




.....

‘uop3oaa1p uonyeledoad ,siaser Y3 sy w. pu® prayy 011312379 ,8xase] ay) sjuasaszdaa mu

. *IX93 998 ‘gz °yoy jo e3ep ayy uo peseq . ‘

X ‘(ag *313] syusweanseowr VdIL 1eU0oljusaAuod ay} Jursn sjynsal .:.Ov i

*eg ‘814 ur pojussaxd sjudwoaanseswr UOIJRZI[eWIIOU [oUURYD-0M] oY} Juisn 83[ns§ax InQ

‘®3epP UOY}OBIFIL JO XIPUL WIOXJ voumusummoa

*1933wojoydoaydads I LAae) e ur paanseawn rw« €769 YyiBusiosem xoser Aqny 9Y3 je JuURIBUOD :oﬁmhoﬂ?.m

e, v

[to‘ol ¥ Lo'r-*1 )T 100 *0¥€00 "0 91 8°0 oc'o  forrss |
[o‘o‘t]lIJ 1 0’0l IT 900°0¥220°0 00 0¥ez0-0 €2 60 2£0°0 ‘o1z |
[t olTy Mt 'd)=  2o°oF sz7o 82 %0 %1 den
[t ollly o‘t“tlIT sto'oFteo'o  900°0%950°0 LT LY 0 90°0 sPD _
JUOHEOLIO [HashiD (M) (MIN/wid) & (@o) () . S
p9 59 GfIanoeyey P o° | .. w ;
I TTaVL e




Our measured value for pzz of TiOz at w; + wg = 31660 cm'l
is about 7 times larger than the value pzz = . 0034 cm/MW obtained by
Waff and Pax-k24 (who used a Nd-glass laser and flash lamp) at the same
two-photon energy, and about 3 times larger than pxx = . 0065 cm/MW,
obtained by Penzkofer and Fa.lkenstein25 at 2w = 31950 cm-l using a pico-
second laser source. (pxx and ﬂzz represent the TPA coefficient for
linearly polarized photons, polarized along the x axis and the z axis of

-1
the crystal, respectively). No TPA data at w, + wp ~ 32000 cm for

L
the other crystals investigated in this work has been published in the
literature.

A comparison of our 'I‘iO2 results with those of Refs, 24 and 25
should be carefully made. We note that the most fundamental physical

(3)

quant'ity to be compared is y and not B, which includes a trivial
frequency factor [see Eqs. (I)]. The large deviation of the result of

Ref. 24 probably originates from the severe complications which arose
in their experiment in the determination of the overlap integral [Eq. (3)].
The deviation of the results of Ref. 25, however, cannot be explained by
the different laser frequencies used, by the small difference between the
two-photon energies or by the diiferent electric field polarizations used,
which according to Ref. 24 result in the ratio pzz/pxx = 1.25, Dispersion
in the TPA coefficient which originates from the one-photon denominators
in X(” is also unlikely as an explanation for this deviation since the
measurements were done with laser frequencies far enough from the band

gap (3. 75 eV)?"4 to insure no resonant behavior. 16 Also, no [X(Z)]Z

contribution to x(3),lz’9a contribution which depends on the beam

polarization and propagation vector, is expected in 'I‘iOZ which exhibits

inyersion symmetry. Two steps sequential one-photon absorption

T TR T
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contributions to £ and absorption caused by two-photon generated holes
may, however, influence differently the measurements in the nanosecond

47,26 we ‘conclude, therefore, that the latter

and picosecond regimes.
effects and the possibility that the laser pulses in Ref. 25 were not well
characterized may explain the deviation of their TiO, TPA results from

ours.

Discussion and Conclusions

The TPA coefficient and the Raman cross section are important
material parameters. Accurate values of TPA coefficients and especially
their spectral dependence will be useful for stimulating further theoretical
calculations of two-photon phenomena. In particular, existing theoretical
models of matter such as the "'empirical pseudopotential method"z7 may
be checked by comparing the theoretical p based on the specific model
with the experimental one. We note that one-photon spectroscopy above
the material band gap shows surface effects because of the small pene-
tration depth. The TPA measurement, however, reflects in the same
spectral region only the bulk properties of the material. Therefore, a
comparison of the TPA experimental results with theoretical models is
more direct than in the one-photon case. Experimentally, accurate TPA
coefficients may be used for the characterization of pulsed laser beams.
This may be done by checking the interaction of the strong beam with a
probe beam whose parameters are well known (cw dye laser beam, for
example) in a NL absorber. The measured value of ET [see Eq. (3)]

may give important information on the spatial and temporal properties of

25




T yYow W w

the strong beam. In particular, absolute peak power values, which are
very important in multiphoton processes, may be obtained by this method.
Accurate Raman cross sections may be used for measuring average
concentrations of molecular species over long atmospheric paths using
stimulated Raman gainl9 or inverse Raman loss experiments.

The calibration method descfibed here is very useful for reliable
measurements of TPA coefficients. Raman cross sections may also be
calibrated by the same method. In this case, inverse Raman absorption
as well as stimulated Raman gain may be utilized in the measurement.
The use of a probe beam in the absorption measurement has an advantage
over the standard one-beam TPA methods. In the one-beam case, any
small loss in the laser beam caused by other NL procésses may strongly
influence the measured cross section. Such perturbations which influence
the strong laser beam have only a minor effect on the probe beam.

In conclusion, we have described a technique which allows simple
measurement of TPA coefficient and Raman cross section, relative to
known inverse Raman cross sections. The use of the two-channel
normalization experiment enables one to eliminate the dependence of the
NL absorption on the laser intensity, thereby removing the usual problems
associated with absolute intensity measurements. Additionally, this
normalization alleviates sources of errors due to irreproducible laser

pulse spatial and temporal profile, allowing the measurement to be made

with simple uncontrolled lasers.

-----

PO G L YO Sy G WP W




REFERENCES

10.

11,

The TPA selection rules are comprehensively reviewed by W. M.
McClain, J. Chem. Phys. 55, 2789 (1971).

D. Frohlich, Comments on Solid Statg Phys. 4, 179 (1972);

J. M. Worlock, in Laser Handbook, edited by F. T Arecchi and

E. O. Schulz-DuBois (North Holland, Amsterdam, 1972);
Vol. I, p. 1323; ‘

V. I. Bredikhin, M. D. Galanin and V. N. Genkin, Usp. Fiz. Nauk.

110, 3 (1973) [Sov. Phys.-Usp. 16, 299 (1973)];

H. Mahr, in Quantum Electronics, ed. H. Rabin and C. L. Tang

(Academic Press, New York, 1975), Vol. I, p. 285.
R. L. Swofford and W. M. McClain, Rev. Sci. Instrum. 46, 246
(1975).
J. H. Bechtel and W. L. Smith, Phys. Rev. B13, 3515 (1976).
J. P, Hermann and J. Ducuing, Phys. Rev. A5, 2557 (1972).
M. D. Levenson and N. Bloembergen, J. Chem. Phys. 60, 1323
(1974); Phys. Rev. B10, 4447 (1974).
R. T. Lynch, Jr. and Haim Lotem, J. Chem. Phys. (1977).
H. Lotem and R. T. Lynch, Jr., Phys. Rev. Lett. 37, 334 (1976).
S. D. Kramer and N. Bloembergen, Phys. Rev. B15, 4654 (1976).
H. Lotem, J. H. Bechtel and W. L. Smith, Appl. Phys. Lett. 28,
389 (1976). |
A similar normalization measurement of the NL refractive index is
reported by M. J. Moran, Chiao-Yao She and R. L. Carman, IEEE
J. Quant. Electron. QE-11, 259 (1975).

A AN .- 2




12,

13,

14.
15,
16.

17,
18.
19.
20.
21.
22.
23.
24,
25,
26.
21,

e R B W TR - EEEL Al Aae Shas A0 EEuiar] PEREE Mg St Al S 4

Chr. Flytzanis and N. Bloembergen, in Progress in Quantum

Electronics, eds. J. H. Sanders and S. Stenholm (Pergamon Press,

New York, 1976). The equivalent behavior of the TPA and the
(3)

Raman contributions to y is clearly discussed in this reference.
W. J. Jones and B. P. Stoicheff, Phys. Rev. Lett. 13, 657 (1964);
W. Werncke, J. Klein, A. Lau, K. Lenz and G. Hunsalz, Opt.
Comm. 11, 159 (1974); A. Lau, W. Werncke, M. Pfeiffer, K. Lenz,
and H. J. Weigman, Kvant. Electron. 3, 739 (1976) [Sov. J. Quant.
Electron. 6, 402 (1976)].

N. Bloembergen, Nonlinear Optics, (Benjamin, New York, 1965).

A. Owyoung, Opt. Comm. 26, 266 (1976).
H. Lotem, R. T. Lynch, Jr. and N. Bloembergen, Phys. Rev. Al4,
1748 (1976).
N. Blloembergen, Am. J. Phys. 35, 989 (1967).
R. G.Stafford and M. Sondergeld, Phys. Rev. B10, 3471 (1974).
B. E. Kincaid and J. R. Fontana, Appl. Phys. Lett. 28, 12 (1976).
M. J. Colles and J. E. Griffiths, J. Chem. Phys. 56, 3384 (1972).
J. G. Skinner and W. G. Nilsen, J. Opt. Soc. Am. 58, 113 (1968).
Y. Kato and H. Takuma, J. Chem.A Phys. 54, 5398 (1971).
T. W. Hansch, Appl. Opt. 11, 895 (1972).

S. Waff and K. Park, Phys. Lett. 32A, 109 (1970)

Penzkofer and W. Falkenstein, Opt. Comm. 17, 1 (1976).

. L. Cohen and T. Bergstresser, Phys. Rev, 141, 789 (1966),

H.
A.
J. F. Reintjes and J. C. McGrodyy, Phys. Rev. Lett. 30, 901 (1973).
M
G.

Koren, Phys. Rev. Bll, 802 (1975).




-35-

D. NONLINEAR ABSORPTION AND REFLECTION IN InSb

DURING SHORT COZ-LASER PULSES

Nonlinear interactions of light in semiconductors has been studied
intensively over the last fifteen years by various authors [1-3]. In the
high intensity limit, the material of course breaks down and suffers
irreversible damage [4]. In the low intensity limit, a perturbative approach
is usually taken whereby the interaction is described as a multiphoton
process [5]. Itis in the region just below the material breakdown threshold
that is of fundamental physical interest and is relatively unexplored experi-
mentally. In this regime, electron-hole generation is unavoidable and the
interaction of light with the material is a mixture of intrinsic material
interaction and plasma effects.

In this section a study of the behavior of InSb under interaction with
high intensity 10.6 ¥ radiation is described. In the past, experimental
studies of plasma behavior were done with picosecond 1,06 p pulses [6-8].
This is because of the ability to go to high peak power without damaging
the crystal since damage thresholds are mostly energy thresholds. We
are able to generate 50 psec. COz pulses with ~ 0,5 Mw power and
therefore can extend such studies to small band gap materials [9]. In
addition to being a pulse shaper and limiter for high power lasers [10],
InShb is interes‘tlng because of its highly nonparabolic energy bands and
associated nonlinearities, Its behavior at high intensities has been studied
theoretically by Tzoar and Gersten [11]:

Figure 1 shows the transmitted energy of a sample of InSb doped
tc n=6,6X 1016 cm-3 versus incident laser intensity. It is seen that

the relative transmittance decreases by a factor of four at high intensities.

PRSI U
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This is probably due to the generation of a critically dense electron-hole
:'c plasma rather than by two-photon absorption alone. To confirm this, we
made a calculation similar to Bechtel [12] to determine the two-photon
absorption coefficient. From our experimental data for the transmittance
b a value of 9.1 cm/Megawatt was derived, which is a factor of 35 larger I
than the established value of 0.23 cm/Mw [10, 13]. The reason is that
carrier effects cannot be ignored in the calculation. In view of this, it is
more advisable to look at the reflectance.

Figure 2 shows the reflectance of a highly doped sample (n =1.5

X 1018 cm-3) versus intensity. A brewster angle of incidence was used.

The reflectivity changes by more than a factor of six. What we actually
measured was the integrated transient reflectivity R(t) [14]. The

increase in reflectivity is a manifestation of the changing index of refrac-

tion due to formation of a plasma. The electron generation mechanism

is by multiphoton injection [13, 15],

2
dn _ al _ BI n
ST - hw T 3hp - 7 - ynlntng)

where Yy is the radiative recombination rate and T is the nonradiative
recombination time which is mostly due to Auger recombination. a is

single photon excitation from intermediate levels and f is the TPA

coefficient. The single photon term has been measured by Fossum [13]

at 77°K. With their number for @ and at our intensity, the first term

is four orders of magnitude smaller than the second term. It is expected
to be even smaller at high temperature since the intermediate states are
' all thermally ionized to begin with, The estimated recombination lifetime

is 500 nsec. and the nonradiative recombination time is 23 nsec. [10, 13].
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points for reflection from a polished aluminum

mirror,

Open dots: data points for sample.
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Therefore, recombination is largely nonradiative. Since both times are

L‘ much larger than the pulsewidth, they can be ignored, and the equation
- ' '

describing plasma generation is simply

L - [Z
2hw

154

For small reflectivities in the region of the brewster minimum, it can

be shown that

Lo o T
. ol

However, the experimental curve in Figure 2 shows that R is approximately

ARy YTy

proportional to the intensity, implying that n grows only as the square
root of the intensity. This is an indication that our simple model of two

photon ionization is not valid at such high intensities. A straightforward

Keldysh type calculation [1, 16] shows that the ionization process changes

from a multiphoton character to a tunneling character at around Ic'r

=5,5X% 109 W/c:m2 for our sample. In the tunneling regime, the rate

o

E 5 of carrier generation follows a Keldysh type of equation

"

F‘ g—;‘ « 1"'(1‘%/1)3/4 exp{-3.9 (Icr/I)I/Z (1-1__/8D)}

E This expression is in rough agreement with the experimental trend. A
[. ‘ quantitative calculation should take into account the temporal variation
f " ~of I during the pulse. The accuracy of the measurement must also be
_-: further improved.

i’.‘
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