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I. SUMMARY

The objective of the present program was a study of the interaction
of intensc optical radiation with matter so as to obtain a corrclation of

various nonlincar processes in terms of the band structurc and lattice

~dynamics of the solid. These included a study of multiple-photon absorption,

and Raman scattering. Concomittant with this program, the band structure

and Jattice dynam -~s of scmi-conductors, metals and insulators were investigated
by the use of conventional as well as laser sources of radiation. Since the
majﬁf‘rcsults of this work have been published, we include & series of reprints
in this report, as well as high-light summaries of these contxibutions. = The
following is a summary of the specific accomplishments during this contract,

a) A thcory for the rceflection of ncutral atoms from standing light
waves was developed. It is indicated that it is experimentally feasible to
spacially separate cxcited states in a beam of necutral atoms or molecules
and hence, produce beam optical lasers.

b) A new typc of lle-Ne gas plasma oscillation was discovered, obtained by
shunting the plasma with an external apacitor. The configuration works as
well as an oscillator or regencrative amplifier.

¢) A new multiple-phonon stimulated Raman linc at 1.07p in benzene was
reported. This line is well understood in terms of a light feedback theory.

d) It was shown that multiple-phouton absorption can set an intrinsic
upner limit to the power density that can be propagated through a semiconductor.
This yiclds an effective means of optically pumping semiconductor lascrs, sets
an intrinsic. 1limit to the power density obtainable from such devices, as well
as a mecans of fashioning power limiters.

e) A unique cyclic temperature dependence of the stimulated Raman effect

in benzene was rcported.




-

f) The first obscrvation of infrared stimulotion cmission associated

= with optical phonons of a liquid was reported. This was seen at 5u from
. benzene. In addition, induced transparency by cohcrent optical phonons was
observed.

g) A new technique of frequency-modulated spectroscopy was developed

rwhich enables us to rcadily obtain the first or higher derivatives of any
optical spectra., A change in reflectivity absorption or emission of a few
parts per million are detectable by this technique. This technique was uvsed
to study critical points in band structure of semiconductors and metals.

h} A fine structure of 2.2°C period on the thermo-spectrum of the

©
8050A stimulated Raman output in benzene was reported, in addition to the pre-

viously reported large period.
& (]
i) A double thermo-spectrum of the 8050A line in benzene was discovered

. which yielded a double pericd of 2.2°0. The cyclic thermo-spectrum in benzene

indicates that a specific molecular interaction is responsible for the cffect.
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II. ERAGG REFLECTION OF NEUTRAL PARTICLES BY GPTICAL STANDIRG WAVES

The possibility of observing Bregg reflection of clectrons by standing
light waves was predicted by Dirac and Kapitza in 1033, ﬁhere has been
recent cxperimental interest in obscrving this phenoncna. The Dirsc-

Kapitza analysis has been generalized to show that any ncutral particle,
including neutral aroms, capable of scattering photons can be Bragg scattered
by stinding light waves. This phenomena is analogous to ordinary scattering

of light. waves by periodic structures such as diffraction gratings and crystals.

The above calculations showed that a neutral particle will be defected
through twice the Bragg angle given by fiw/Mev where ¢ is the frequency of the
standing iight wave and M and v are the nass and velocity of the scattered
neutral particle. If this condition is not satisfied, there is essentially
no scattering. If a ncutral atom of mass 20 and kinetic energy 1 ev is
jncident within a ruby laser cavity, the angle of deflection will be of the
order of 10‘“ radisns. Although it is experimentally feasible to measure
such deflection angles, much larger angles will be obtained if sub-thermal
beanms could be employed.

This phenomena opens up the possibility of using an optical cavity to
spatially scparate excited atomic states and so produce a whole class of
optical beam lasers similar to the ammonia microwave maser. A note on this
calculation was published in Phys. Rev. Letters 17, 231 (1966); a reprint
of this_publication is i g in this section. This work was done in
collaboration with S. Aultshuler and L. M. Frantz of TRW Systems, Redondo

Beach, California.
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REFLECTION OF ATOMS FROM STANDING LIGHT WAVES

S. Altshuler and 1., M, Frantz
TRW Systems, Redondo Beach, California

and

R. Braunstein
University of Cal¥f inia, Los Angeles, California
(Racelved 16 May 1966)

It was predicted in 1933 by Dirac and Kapit- trons, but should occur foir all particles capa-
za' that electrons could undergd Bragg reflec- ble of scattering photons, including ncuiral
tion from standing light waves, This puesom- atoms. The Dirac-Kapitza anulysis results
enon of electron-wave scattering is analozous in the expression for the scattering probabil-
to the ordinary scattering of light waves by ity per unit length k of the electron travorsing
periodic structures such as diffraction gratings the region occupied by the standing waves,
and crystals, Recent interest® has been stim- ‘ ardic? do(r)
ulated by the increased possibility of observ- k= “ohT aa (1
; ing the effect using the intense light beams now
available as a result of laser technology. where n is the photon aumber density, « is the
We wish to point out that Bragg reflection angular frequency, ¥ is the spectral width of
. by standing light waves is not restricted to elec- the electromagnetic radiation, v is the electron
K516 1-2 231
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velocity, andda(n),dQ is the Thomson differ-
ential cross section for backsecatter of a pho-
tuit by & frec eleetron, Allough U orighal
analysis and all of the subsequent references
have been concerned explicitly with electrons,
ft 18 of consrderable imerest o note Lt the
same analysis applies regardliess of the nature
of the incident particle. Equation (1) remains
valid provided only that do(#)}d$ be interpreted
as the differential cross section for backscat-
ter of a photon from the particle in question,

Dirac and Kapitza regard the ~andhy wave
as a superposition of two traveling waves, The
essence of their analysis is then the computa-
tion OF the stlnalated packstatier rale, vz,
that corresponding to scattering & {raveling-
wave photon from a mode associated with one
propagation direction into the mode associated
with the opposite direction. Because photons
obey Bose statistics, this rate is proportion-
al not only to the radiation density in the mode
from which the photon is absorbed, but also
to the radiation density in the mode into which
the photon is emitted.® It is to be emphasized,
however, that this proportionality to the pho-
ton density in the final-state mode is a conse~
quence of only the Bose statistics obeyed by
the photons, and is independent of the nature
of the scatterer. It is for this reason that the
Dirac-Kapitza analysis is directly generaliz-
able from electrons to arbitrary scatterers.

Equation (1) applies only if the Bragg condi-
tion is satisfied, i.e., the particle must be in-
cident at an angle 8 relative to the direction
normal to the photon-propagation vector. The
Bragg angle is given by 6g=/w/Mcv, where
M is the particle mass. The particle is deflect-
ed through an angle 26p; however, if the Bragg
condition is not satisfied, there i» essential-
ly no scattering.

As an illustration of the magnitude of the ef-
fects, let us consider the scattering of a neu-
tral atort ol atomic mass of about 27 and kinel-
ic energy of 1 eV. We shall choose the radi-
ation frequency to be that appropriate to a ru-
by ixger (v = " 10" gee~l); & power densily

232

of one megawatt per cm?, and a tynical cavity
loss rate ¥ of 107 sec™, For the back-scatter-
ing eruee seciion, do(v}/d0), we chotss o typ-
ical value of 10™% ¢m? corresponding to Ray-
leigh scattering. It should be observed, how-
ever {hit do L fur ot 1 Mrongiy Itegeen-
cy dependent, and at or near resonances tan

be many orders of magnitude larger than the
value for Rayleigh scaitering. For the numbers
we have chosen, the deflection angle is quite
small, namely, 20pg=2%10-°rad. However,
the inleraction Iy quile strong: the scaltiring
probability per unit length isk = (.2 em™!, and,
as we have just indicated, it can be enormous-
iy greaier venr & tesonznoe, Thik strosg in-
teraction suggests that a large net scattering
angle may be attainable with a succession of
individual Bragg scatterings by an appropriate
arrangement of successive standing-wave cav-
ity orientations.

Finally, it should be mentioned that the above
reasoning can be readily extended to multiple-
photon events. That is, to every N-photon scat-
tering process occurring in free space there
corresponds an N -photon stimulated scattering
process for which the Bragg angle is Niiw/Mcv,
the scattering angle is 2N¥w/Mcv, and the scat-
tering probability per unit length is proportion-
al to the 2Nth power of the photon density n2N,

1p, L. Kapitza and P. A. M. Dirac, Proc. Cambridge,
Phil, Soc. 29, 297 (1933),

%), C. Hall, Nature 199, 683 (1963); I. R. Gatland,
L. Gold, and J. W. Moffatt, Phys. Letters 12, 105
{(1964); L. S. Bartell, H. Bradford Thompson, and
R. R. Roskos, Phys. Rev, Letters 14, 851 (1965); J. H.
Eberly, Phys. Rev, Letters 15, 91 {1965); H. Schwaitz,
H. A, Trurtelleotte, and W, W, Garetner, Bull. Am.
Phys. soc. 10, 1129 (1965); L. S. Bartell and H, Brad-
ford Thompson, Physics of Guantum Electronics, edit-
ed by P, L. Kelley, B. Lax, and P. E. Tannenwald (Mc-
G.aw-Hill Book Company, Inc,, New York, 1966),
p. 129; H. Schwartz, in Proceedings of the Internation-
&l Cuuterence on Quantum Electrontes, Mioenix, April
1966 (unpublished), post deadline paper,

3p, A. M. Dirac, Quantum Mechanics (Oxford Univer-
sily Prese, London, 15415, Bed mad, ©hag 10, p. 330
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ITITI. He-Ne PLASHA OSCILLATOR AND REGENERATIVE AMPLIFIER

While several lic-Ne gas lasers were being placed in operation, plasma
oscillations in the frequency range from 200 kliz to 430 kliz were encountercd
whose frequency could be changed by external conditions. This new type
of gas plasna oscillation was investipated in a He-Ne plasma. The fro-
quency and the amplitude of these oscillations depends essentially on the
external capacitonr connected to the ends of the plasma tube and on the
current of the discharge. Many spentaneous oscillations have been pre-
viously reported in the literature; however, all these former instabilities
depend on the plasma internal conditions and are also difficult to centrol
whereas in this experiment all the parameters arc easily controlled.

The results of this study were reported in Physics Letters 22, 430

(1966). A reprint of this publication is included in this section,

‘N{H}mw
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ERRATUM

He-Ne plasma osciliator and regencralive amplifier,
J. P.Biscar, Physics Letters 22 (1960} 430

The heading of this leiter should read:
He-Ne plasma oscillator and regenerative amplifier &
J.P.Biscar T, R. Brrunstein and D. Petrac

Depavinicnt of Physics, University. of California
: at Los Angeles, California

s This research is part of Project Defender Contract Wonr
233(93), from the Office of Naval Research, the Advanced

- Project Agency, and the Department of Defense of the United
States of America, .

, C.N.R.S. and NATO Fellow. .
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Fig. 1. Current (and vollage) threshold versus external
eapacitor C.

has a linear ncgative characteristic between & and
22 mA. However, any type of oscillant circuit
shunted by this element of negative resistor can-
not oscillate, but a simple capacitor for a very
precise current is successful. With this configu-
ration, briefly, three different kinds of oscilla-
tions are:

1) Some instability of {requency lower than
50 KHz, similar to the oscillations reporied by
Donahue {2].

2) With a capacitor C >50 pF, there are strong
relaxation oscillations whose frequency changes
{100-150 K1iz) with the voltage of the powet supply,
but whose amplitude remains constant.

3) The most interesting and completely differ-
ent oscillatinns were found wita C <50 pF.

The oulput is always perfectly sinusoidal and,
after some thermalisation, is stable in amplxtud;
The frequency stability is Af/f = 3 X 10-4,

An important point, is that, for a glven value
of the external capacitor, these osclllations start
at a very precise voltage or current threshold.
For example, using a power supply ci 3000 volt,
the precision of this threshold is about one volt,
demonstrating that the negative characteristlce
does not explain the mechanism of these plasma
instabilities. Fig. 1 shows the variation of this
threshold versus the capacitor value.

When you find the threshold, by decreasing the
voltage of the power supply the amplitude of tyhc-so
oscillations increases linearly. (They can also
produce some output power and if they become
too great they can extinguish the plasma). Haow-
ever, the control of their amplitude is made by
the sel vollage of the power supply.

The frequency also depends on the external
conditions. With the same plasma tube one can
cover the frequency range from 200 kHz to 430
kHz by changing only external conditions.

At each of these preceding frequencies, this
plasma oscillator works as a regenerative ampli-
fier, but only if the set voltage is very close to
the threshold voltage. For a difference over 2 v,

" there is no further amplification; the oscillator

is autonomous. We use an electrostatic coupling
of the external h.{, generator to the plasma tube
{in the oppesite side of the output). The set volt-
age must be adjusted at the beginning of the proper
oscillations at the frequency f,. By changing the
frequency of the external generatcr, one sees a
great maximum for the precise frequency f, of
the plasma osclllator. It is difficult to know the
exact input in the plasma, because of the extre-
mely light coupllng. However, a gain superior lo
20 dB was found with a band pass of 4 kHz.

A longitudinal magnetle field decreases lin-
early the amplitude of the oscillations, whereas
a transverse magnetic field Increases them. The
force behind these plasma instuvilities is the ex-
istence of atoms In metastable state which are:
also sensitive to a precise near infrared wave-
length. In another paper, we will report this op-
tical property with the "plasma mechanism”.
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IV. MULTI-PUOTON ABSORPTION

Calculations have shown that the double-photon absorption cross-
sections in a number of III-V semiconductors is sufficiently large to
set an intrinsic upper limit to ghc power density that can be propagated
through such media using presently available lasers. In addition, it

should be possible to obsorve double-photon stimulated emissicn in such

systems and so produce difference frequencies by this process. The large

cross-sections for this process indicates that double photon absorption

is also an effective mechanism for optical pumping of semiconductor lasers,

can limit the power density obtainable from such devices, or can cnable

onc to fashion nonlinear optical power limiters.

£

-~

The fact that thesc compounds have been used as laser scurces further

dictated the desiralility of obtaining these cross-sections, since the

power density obtainable from these materials will be limited by this

quadratic loss process. In addition, these results can be used for cal-

culating the doublc-photon stimulated emi.sion cross-sections in the case

of a population inversion and so obtain coherent cmission or amplification

in new regions of the spectrum.

The previous theory, developed for the double-photon absorption in
semiconductors utilized a three-band model for the band structures and
took into accor  the parity of the virtual transitions. However,

application of ‘s theory to allowed-forbidden two photon absorption in

a two-band rod reveals simple generalizations regardiag the underlying

band paramecte: ‘¢h determine the cross-sections for all the ITI-V and

I11-VI compoun " so enables one to succintly set a lower band for this




cross-section for this class of materials. The results of this calculation

together with the estimates of the cross-sections for selected III-V com-
pounds are discussed in the following section. Although a reprint of the

resulting publication is also included, the following discussion contains

material not included in the publication.

L
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Saturable Transmission by Multiphoton Absorption in Semiconductors*

R, Braunstein
Department of Physics

University of California at Los Angeles, California

Multiphoton absorption can set an intrinsic upper 1linit
to the power density transmittable through semiconductors.
This mechanism is an effective means of optically pumping
semiconductor lasers, can limit the power density from such
devices, or can enable the.fashioning of nonlinear optical

power limiters.

*This research is part of Project Defender Contract
NONR 233(93) from the Office of Naval Research, the
Advanced Project Agency and the Department of Defense
of the United States of America.




il

i)

Recent measurements of double-photon absorption in a number of

L2 Gans,3 po1e, S

semiconductors such as CdS, and InSb4 have shown
that the theoryl’6 developed for the two-photon excitation of interband
transitions is adequate to account for the observed cross-sections.

It is of some interest, because of this agreement between theory and
experiment for the above semiconductors, to consider the calculation
of the double-photon absorption for all the III-V compounds since such
multiphoton processes can set an intrinsic upper limit to the flux
density that can be transmitted through such media using presently
available laser sources. Since the absorption coefficient for this
process obeys a nonlinear transmission law, the mu}tiphoton absorption
mechanism can serve as an efficient agent for multiphoton optical

pumping of semiconductor lasers,s’s’7

set an intrinsic upper limit to
the power density obtainable from semiconductor lasers, or enable one
to fashion nonlinear optical power limiters.

The previous theory,l’6 developed for the double-photon absorption
in semiconductors utilized a three-band model for the band structure
and took account of the parity of the vertical transitions. However,
the application of this theory to allowed-forbidden two photon absorption
in a two band model, reveals simple generalizations regarding the
underlying band parameters which detemine the cross-section for all
the III-V-II-VI compounds and so enables one to succinctly set a lower
bound for this cross section for this class of materials. Using the

framework of the theoryl’G, it can be eésily shown that the double photon

absorption coefficient for a two-band model is given by:
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where 'hwl and hmz are the photon ?nergies, n, and n, are the
indices of refraction for photon one and two respectively, .E is the
energy gap, o, and a, are the inverse effective masses of the
conduction and valence bands, and |Pvc|2 is the square of the momentum
matrix element for the inter-band transition. This expression is
essentially similar to that previously obtained1 using the three-band
model, with the simplification that only one matrix element, the inter-
band matrix element remains to be specified since we have performed
the integration over the intra-band matrix element of zeroth order in. |4
which vanishes at an extreme and is equal to the group velocity times
the free electron mass.8

In order to evaluate the above expression for a specific substance,
a knowledge of Oes O Eg and |Pvc|2 is necessary. However, it
can be shown, using ikﬁ perturbation theory,9 that the valénce and
conduction band effective masses at K=o can be accounted for by
assuming that vacl2 is a constant'? for all the III-V compounds and
is equal to 11.5 eVm., It is instructive to re-express the absorption
coefficient in equation (1) in terms of a nonlinear absorption cross-
section; taking the above value for the square of the matrix element
and assuming ﬁml and 'hmz are approximately equal té Eg , one obtains

4g o

2.6 X 1o
> Xe . em Y see . (2)

:/ .. ——'s‘/t ‘
m,mz (Déc.}.o{‘,) ~ Ej. . . .

g, =
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The conduction band effective masses for the 1II-V compounds are given

by i-; theory as

o 2, -
\+ 3 ’PV-hcb.\ Y Epab 3)
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where A is the spin-orbit splitting at ¥=0 . Using the experimentally
determined values10 of a. s Eg , and A or the calculated values
of a, frém equation (3), and assuming avzli, explicit values for the
double-photon absorption cross-sections from equation (2) can be
calculated. The values o, fdr some representative compounds are shown
in Table I. It is seen taat o, increases as the.band gap decreases.
In the derivation of equation (1), it was explicitly assumed that the
absorption occurs via a single intermediate state which allows coupling
between the initial and final stéte. In fact, it is necessary to sum
over all possible intermediate states; consequently, this calculation
represents a lower bound for o, .

Let us now consider the transmission laws obeyed for a medium
within which a linear and a quadratic loss process can simultaneously

take place. In the steady state, the transmitted flux is given by the

continuity equation:
V-F = - FN - F N, 4)

q . . . . . 2
where 01 , is the linear absorption cross-section in units of c¢m”,

g. is the double-photon absorption cross-section in cm4sec, N1 and

2

N2 are the density of centers responsible for the s1ng1e and double-

quanta process, respectively, and F is the flux in photons/cm /sec.




We shall assume that N1 and Nz are independent of F , i.e., the

. lifetime for recombination to the rround state is short compared to
duration of the light pulse. For a plain parallel state of thickness
r and neglecting reflection losses, the transmission = F(Fo is

given for:

. <, Ny
Plane: = , (s)
Fo exp (s;N| ) LS N+ N A F:& - NV Fo
~ Similar results can be obtained for spherical and cylindrical geometry
where for simplicity we neglect 0, in these cases:
; Spherical a —-——-——“L"“‘““"‘“"“""" (6)
pherical: = . < ‘
Fo <M A Foe A S MNyaF,
> Ry o
E - L T
Cylindrical: ¢ (7)

TN AR I x R -GN R Do
°
It is seen from equations (5), (6), (7), that for high incident intensi-
‘ties the transmission saturates for all geometrics.
Figure 1 shows a plot of the absorption A =1 - F/Fo for the
plain geometry for a medium having linear and quadratic lows processes
simultaneously present. When the parameter O, N,r F , the quadratic
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loss process becomes dominant and the transmission ultimately saturates,

showing that there is an intrinsic upper limit to the power density

3
‘
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It should be noted

that can be transmitted for a multiphoton process.
ocess yields an exponential fall-off

that only the linear absorption pr
while the quadratic and higher order

of the intensity v'th distance,
processes will fall off inversely proportional to the product of the

distance and intensity.
It is of interest to consider the regime of intensity where the
Although

double-photon process will become dominant in semiconductors.
put compared to most

semiconductors injection lasers have less power out
optically pumped solid state lasers, they are relatively small area
devices so the flux per unit area are still quite high at the emitting
Furthermorc, the emitted frequencies lie slightly below the

junctions,
band-gap, satisfying the threshold conditions for double-photon absorption.
Considering a GaAs diode of length 0.1 cm and using Oy s the intrinsic

12

per limit to the power output from GaAs should not exceed 107 watts/cm;
using a theory of Keldysh

up
similar results were obtained for GaAs
even if an electron-hole pair created by double-photon absorption
n, two quanta will be
Since

subsequently recombines and re-emits a photo
annihilated to produce one subsequently re-emitted quantum.

0, v l/Egs/2 , this process will set in at lower power densities for
the lower gap materials. Q-switching, in the attempt to yield higher
power densities, will not circunvent the double-photon loss mechanism.
The fact that double-photon absorption is proportional to the
th in the medium, indicates that

product of the intensity and length of pa
effective means of volume generation of electron-hole pairs to
pumping of semiconductors

it is an
induce laser action as opposed to single-quanta

e



where high generation rates are limited to surface regions of scmi-

conductors as was experimentally demonstrated for CdS7, GaAs3

, PbTeS.
The results of the above calculation show that the appropriate scmi-
conductor can also be used as an effective nonlinear optical power
limiter. |

Although the considerations in this rate were directed to the case
of double-photon inter-band transitions similar considerations apply
to transitions between discrete levels in a solid, gas, or liquid.
In the case of the propagation of a laser beam through a gaseous
atmosphere, if care is not taken so that no state exists at twice the
laswer frequency to which double-quanta absorption'can take place,
there is an intrinsic upper limit to the power density that can be
transmittea through such an atmosphere. Although we would normally
consider only multiphoton absorption in cases where high intensity
lasers are available, the fact that absorption for this process is
proportional to the length of path anq the intensity, such nonlinearities
may manifest themselves in a number of astronomical cases where exceed-
ingly long paths are involved such as the case of a planetary nebula or

propagation through inter-stellar hydrogen.
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Band parameters

Table 1

and calculated double-photon 2bsorption cross-sections.

laP

lnA;s

GoAs InSb
E -eV 1.53 1.34 0.45 0.25
a - 13.3 15.2 38.5 65.5
A - 0.33 0.24 0.43 0.84
0, — cméséc 2.8x10°49 3.7x 1049 4.0 x 10748 Lax 10
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V. DOUBLE-PIOTON PUMPING OF A GaAs LASER

Preliminary measurements were made of the two-photon absorption cross-
section in GaAs (Eg = 1.51 ev) using a Q-switched ncodymium blass laser
(hw = 1.17 ev). The fluorescence excited by the 1.17 ev photons absorbed
in GaAs centered at 8365 R. The sample of GaAs was a rectangular slab
5mn x5 mnx 9 mm with end surfaces polished flat to form a plane-pa¥allcl
cavity and was directiy immersed in liquid nitrogen. The unfocused laser
beam was incident normal to *he polished faces and longigydinal to the long
direction of the sample. An incident power densities of 50 megawatts/cmz,
the line narrowed to < 10 R at 8365 R and yiclded a power output of onc
mcgawatt/cmz; this beam scemed to have very little divergence. Thesc
manifestations indicated that we were obtaining double-photon pumping and
subscquent laser action in GaAs. At these power levels excitation was
probably occurring throughout the volume of the sample through which the
laser beam was passing. The incident ncodymium laser pulsc width was
~ 40 nscc., while the output pulse at 8365 lerom GaAs was < 40 nscc. wide.

The photoconductivity of the GaAs sample was mecasured as a function
of incident infénsity. This was evidence that a double-photon ahsorption
was the exciting mechanism; this alone is not conclusive cvidence for
double-photon absorption since the lifetime of the generated carriers can
be a function of incident intensity. lowever, the superlincarity of the
flouresence and evidence of laser action induced by photons of energy
fw = 1.17 ev in a material of Eg = 1,51 ev are all good circumstantial evid-
ence for double-photon pumping.

Since the double-photon cross-scctions seemed encouragingly large, it

was decided te concentrate cffort in the direction of trying to observe




A

double—pho?on stimulated emission at the difference frequency

1.51 ev - 1.17 ev = 0.34 ev, It was also dccided to turn our attention

to the use of stimulated Ruman lines produced in benzene so as to obtain
pairs of couvenient lines, one for single quenta primary of GaAs to obtain
a population inversion, the other to induce double-photon stimulated
emission at the frequency differences between the energy gap and the line
below the energy gap.-

While this work was in progress an extremely interesting temperature
dependent anomally of the threshold for stimulated Raman in benzene was
observed, Since such a temperature anomaly was not previously reported,
it was decided to investigate this phenomena %P some detail, before returning
to the problem - £ double-photon stinmulated emigsion. The results of the

temperature dependent anomaly in benzene are discussed in Section VI,
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VI. STIMULATED RAMAN EMISSION IN BENZENE AND ITS TEMPERATURE BEHAVIOR

A new temperature anomaly of the threshold for stimulated Raman emission
in liquid benzene was discovered and investigated. The results of this
work are¢ presented in the accompanying reprints in this section.

Since the publications only contain cursory reference to the experimental
sct-up used in these investigations a more dctailed description will now

be presented.

Experimcntal Conditions

To perform the present rescarch, an unfocused output from a giant pulse
ruvy laser is used. ‘The dimensions of the ruby crystal are 6" long by
9/16" in diameter. The laser is Q-switched by a rotating prism, providing
a two jcules pulse with a 25 nanosecend half-width. Inclusion of a sapphire
modé selector in the cavity insured a single longitudinal mode cutput. The
cavity is generally 50 cm. long. For the present experiment, ‘'z used a
diaphragm of 4,2 mm located inside the cavity just in front of the rotating
prism,

The Raman cell used in this experiment is 67 cm long, termina.ed by
two optically flat quartz windows. A water jacket surrounding the cell
enabled the sotting of very precise and stable temperatures. The tem-
perature was varied between 15°C and 40°C. At cach tempefature sett-
ing, a very long time was allowed to elapse so as to attain thermal

uniformity throughout the cell. FEven at uniform temperaturcs, the

i
i
i
i
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laser shots werc separated by an intervel of two ninutes for absolute
reproducibility (a lot of molecules, broken by the laser filaments,
must be removed by dilution). Hewever, the temperature wasn't
neasured directly inside the benzene, but in the water jacket. There
could be a .light difference beiween these values.

The normal optical setup is shown in Figure 7A for the detection
of the 8,050 R and 1.07p lines. The fluorescence of the filters
(7-56 or 7-69) was avoided by using part of thc bezm reflected by a

concave glass reflcctor, which is the equivelent of a ncutral density

filter of 2.0, Additiovually, ihe dispersion of the qudrtz prisin gave
us the possibility of focusing the laser and all of the anti-Stokes
lines far form thc slit of the monochromator, where the line of intercst
was focuscd., This technique improves the performance of the monochro-
mator, which has a scattered light valuc of 107°,

The monochromator is a vacuuva medel Jarrell-Ash and it is
absolutely light tight. In the ouiput of the monochroaator, we used
two different dectectors: an RCA 7102 photomultiplicr or an SD-100
photodiode (for maximum time resolution). The coupling frem the
photomultiplier to a 93 ohi cable is made by a transistorized total
feedback, high impedance, and low capacitance input element. A
Tektronix 547 oscilloscope, triggeved by the lascr.pulsc: is use: to
display the output signal.

To be surc that possible temperature dependent effects on the
stimulated Raman lines arc not duc to some intexrferential pattern of

the cell output, we have been using a large arca detector (Phetomulti-

lier 7102) in the configuration shown in Figure 7C, both close to and
P g

20
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far from the output of the cell, The results were the same.

The photodiode has been used, in the configuration shown

Figure 7B, for maximuu time resolution.

in
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A NEW MULTIPHONON STIMULATED RAMAN LINE IN BENZENE *

J.P. BISCAR, R.BRAUNSTEIN and S. GRATCH
Department of Physics. Unirersity of Catifornia at Los Aungeles.
California. USA

. Reccived 21 August 1967

A new multiphonon stimulated Raman line at 1.07/1 in benzene is reported. Its eritieal power is about 100
MW em-2. This line is better understood in terms of light feed-back theory than in terms of self-focusing.

We have observed a new stimulated Raman line
at 1.07u in benzene. Since the discovery of the
stimulated Raman effect by Woodbury [1], ben-
zene has been extensively studied. A Raman cell
of 67 cm length and an unfocused laser beam
(single mode @-switched ruby) of 4.2 mm in di-
ameter were used in our experiments. Under
these conditions, the threshold power of the first
and second Stokes of the 992 cm~1 phonon is
around 15 MW/cm2. At higher laser power, a
new stimulated Raman line appears at 1.07;. In-
volved in this line, together with the laser photon
of 6943 A, are two phonons of 992 em-1 and one
phonon of 3064 cm-1. The main characteristic of
this line is that the laser threshold power is as
high as 130 MW /cm?2, The presence of two stim-
ulated Raman processes in the same liquid occur-
ring at two well separated power thresholds is an
indication of the failure of the self-focusing the-
ory to explain the stimulated Raman threshold.

It has been predicted {2, 3] that above a critical
power level, because of self-focusing in a medi-
um, a laser beam can be trapped in a diameter of
a few microns independently of the original beam
diameter. A photograph of Hauchecorne and
Mayer [4] shows the existence of some high in-
tensity filaments of very short lifetime in liquids.
1If the laser beam is trapped, a power density
could be reached of such magnitude that the thres-
hold for all lines would be attained simultaneous-

* This rescarch is part of Projeet Defender Contract
NONR-233(93) from the Office of Naval Research, the
Advanced Projects \gency and the Department of
Defense of the United States of Ameriea.

ly; but that is not the case in the present exper-
iment. While it is believed [5~7] that self-focus-
ing could explain most of the puzzles of the stim-
ulated Raman effect, Maier, Stein and Kaiser [8]
found two lines at two different thresholds in
single crystal naphthaline without any self-focus-
ing. Even in liquids there is some doubt about its
validity, especially in mixtures where it has been
reported [9] that stimulated Raman takes place at
a higher threshold power than is required by the
self-focusing in the mixture.

On the other hand, if the "Woodbury laser” is
really a stimulated effect having a positive light
feedback, the general properties of the feedback
theory should be verifiable. For an amplifying
medium having a nominzl gain Go(A,T) and a

SR nero7s
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Fig. 1. Semi-log plot of the stimulated Raman line
(1.07u) output power versus ineident riby laser power
density.
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feedback 3, the total gain of the mediuni is
G(, T) = Gol, 7) [1-8Golr, N]L. (1)

For 1-3Gg(r, 7> 0, we have a regenerative Ra-
man amplifier. The threshold for the amplifier
to become a Raman oscillator is 1-3Go(A, T) = 0.
In a simplified approach we can say that the
nominal gain Gg(*, 7) of a Raman cell is propor-
tional to: the laser power density I’ the length
of the cell, I, a function F{\, T) which describes
the stimulated Raman behavior of each line at
different temperatures and a coefficient, A, re-
lating the interaction of the laser beam and the
liquid. The feedback 3 is expressed as 3= B,
since the probability for a photca to stimulate
another one is proportional to the distance it
travels in the active medium. The threshold con-
dition gives the threshold power (i) of the stim-
ulated Raman effect in the cell and we have:

Piovn = amra il @

Since for an infinite length cell, the onset of the
stimulated Raman, as opposed to the normal Ra-
man, needs a critical power density (P¢y) for the
threshold, the last expression should be com-
pleted as follows:

1 1 -
PZ(,T)=PZ () + [ABI"(,\,T)]%I LI

Each stimulated Raman line may have a differ-
ent critical power depending on the exact mecha-
nism taking place inside of the molecule. The
1.07n line has a very hilgh critical power density
{about 100 MW/cm2), Eq. (3) is the type of rela-
tion verified by Wang [6]. Felly's equation [5] for
self-focusing is similar to eq. (3) but a criterion
other than the stimulated Raman onset [6] should
be used in attempting to verify it.

Below the threshold, according to eq. (1) the
gain of the regenerative Raman amplifier is

APLFOLT)

PHYSICS LETTERS

25 September 1957

Above the thresheld, the stinwlated Ruinan
output, W, can be calculated king into account
the stimulation effect. For a uniform laser power
density PP, ina cell of length [, § being the stim-
ulation coefficient, ¢ relating the laser power to
the density of particles in excited states and
being a constant depending upon units, the stimn-
ulated Raman output is given by

W= K exp(aSPl) . (5)

Fig. 1 shows a scmi-log plot of the outpui of
the 1.07u line vs. laser power; a straight line be-
tween 130 I\IW/cm2 (threshold) and 210 MW/cm2
is obtained, indicating that the output cf this line
is conirolled by the light feedback above the
threshold.

The stimulated Raman output and threshold,
and even the regenerative amplifier, are better
understood in terms of a feedback amplifying
medium than in terms of self-focusing for this
line. Elsewhere, we will report on the temper-
ature behavior of the stimulated Raman lines of
benzene and the assoclated mechanism.

The authors wish to thank D. Fink and M. Wel-
kowsky for their assistance in these experiments.
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CYCLIC TEMPERATURE DEPENDENCE OF THE STIMULATED RAMAN EFFECT IN BENZENE*

J. P. Biscar, R. Braunstein, and S. Gratch
Department of Physies, University of California, Los Angeles, California
(Received 5 September 19867)

The eyelic temperature dependence of two siimulated Raman lines of benzene is report-
ed. These data are inconsistent with the self-foeusing theory for the anomalous gain.

We report an unprecedented cyclic temper-
ature dependence of the 1.07-u and the 8050~
A stimulated Raman lines in benzene. The
1.07-u is a Stokes line, previously reported,!
which is created by the interaction of the par-
allel ruby laser beam with two phonons of 992
em ™!, and one phonon of 3064 cm~!. The 8050-
A is the second Stokes line of the 992-cm 2.
Figure 1 shows the characteristic cyclic tem-
perature dependence of the aforementioned
lines.

An unfocused beam of a single-mode @ -switched
ruby laser was used in these experiments.
The laser-beam diameter was 4.2 mm. The
‘67-cm-long Raman cell was terminated by two

10t ' N . 4
/ \ (o) 7
-~ . ’/ \ f
103} / \ I
E ? / \ ’I
210t f X f o
o 1 v /
! \
£10 - ! \ II -1
/ \
g 1 d ] \enbeed
& aF 7 T )
2 3 & d
s T}
g 1o A 7
l. 1} [‘ 1 I\\
AT AU
.f i\\..’ AY ] 4’ 4
20 25 30

TFMPERATURE (°C)

FIG. 1. (a) The relative intensity at 8050 A as a func-
tion of the benzene eell temperature; incident power
density at 6943 A is 70 MW/em?. (b) The relative inten-
sity at 1.07 u as a function of the benzene cell tempera-
ture; ineident power density at 6943 & is 140 MW/em’.
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optically flat quartz windows. A wa‘er jack-
et, surrounding the cell, enabled the sctting

of precise and stable temperatures. Sufficient
time was allowed to attain temperature uniform-
ity throughout the cell and the laser shots were
separated by an interval of 2 min for reproduc-
ibility. The lines were separated from the
transmitted ruby by a combination of quartz
prism and uncoated concave mirror before
entering a half-meter monochromator to which
th> A .tector was attached.

We summarize here the results for the two
lines of benzene mentioned above. -The output
at 8050 A shows a ma:imum between 25 and
26°C_and a minimum around 30°C. The inten-’
sity change between the maximum and minimum
has been measured to be as high as fov. mag-
nitudes. The data of Fig. 1(a) were taken with
a constant laser power density of 70 MW/cm?.
Upon the iucrease of the laser power density
up to 100 MW/cm?, the position and amplitude
of the maximum and minimum of the output
remained the same as shown in Fig. 1(a), on-
ly the area under the curve increases. Upon
the decrease of the laser power to 60 MW/cm?,

_the only change is that the area under the curve

decreases and the peak becomes sharper, but -
its position and amplitude remain unchanged. ~
The temperature behavior of the above line
is an indication of a precise raolecular mech-
anism being responsible for the stimulated
Raman generation. A careful study of the 1.07-
p line underlines this assertion. Indeed, the
1.07-u line showed a very specific and differ-
ent temperature dependence. The data of Fig.
1(b) were taken with a constant laser power
density of 140 MW/cm?, just above the thresh-

Jvs21 1-2
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old for this line. Figurc 1 shows the cyclic
temperature dependence of the intensity at 1.07
i, completely differen: from the eurve of Fig.
1(a) i1 the amplitude, sepuaration, and position
of the maxima.

The fundamental problem in understanding
the stimulated Raman proccases in liquids is
to account for the anomalics in the observed
gain for this process. That the observed Ra-
man gain is one or two orders of magnitude
greater than the theoretical estimates?® obtained
from spontanecus~Raman-scatteiing data has
led to 2 number of investigations by several
groups?™S with several proposed explanations
for this discrepancy. It was first suggested
that the anomalous gain migh! be the result
of the multimode structurc®-® of the laser pump-
ing beam. However, cxperiments? with a sin-
gle-mode laser beam still revealed the pres-
ence of anomalous gain. Experiments® have
shown the presaence of high-intensity filaments
during the propagation oi a laser beam through
Raman-active liquids. The formation ¢f such
filaments by the self-focusing!®*! of the laser
bean is belicved to be responsible for the low-
ering of the threshold for stimulated Raman
emission.’? Since the stimulated Raman emis-
sion takes place only after the lasar beam has
traveled some distance in the medium, Kelley?
proposed that there is a sc-focusing distance.
The experiments of Wang! have indicated the
existence of such length-dependent thresholds.
Most of the experiments and their theoretical
interpretation up to now seem to ind cate that
the observed thresholds for stimulated Raman
emission are determined by the changes in
the structure of the laser beam due to self-
focusing!!~! or other beam deierioration in-
teractions?!® rather than the value of the Raman
susceptibilities.

The following salient features of the prec -
ent experiments seem to be inconsistent with
the self-focusing cxplanation for the anoma-
lous gain in Raman oscillators;

(1) We have found the threshold power of
the 8050-A line to be about 15 MW/em? at 25°C,

while even with filaments existing, the 1.07-

Jvs521 2-2

it line has a power threshold® of at ' ast 130
MW/cm?,

(2) Even with an input power denaity of 70
MW/cm?, the condition at which the dada of
Fig. 1{(a) were taken, there is no stimalated
Raman output at 20 and 30°C, while the 1.07-
i data of Fig. 1(b) show a minimum at a dii-
ferent temperature,

it is clear that each of these lemperature
dependences reflects a precise molecular be-
havior of the benzene molecule fu o each of these
lines. It is impossible to include such differ-
cut .omperature behaviors on the self-focus-
ing capabilities of benzene since its governing
equation must be uninue.

The authors wish to thank D, Fink and D. Hon
for their assistance in these experiments.

*This rescarch was supported by the U.S. Office of
Naval Research under Contraet No. NONR-233(93).
13. p. Biscar, R. Braunslein, and S, Gratch, to be
published.
¥, J. McClung, W. G. Wagner, and D. Weiner, Phys.
Rev. Letters 15, 96 (1965).
3G. 3Bret and G. Mayer, in Phvsies of Quantum Elcc-
tronics, edited by P. L. Kelley, B. Loy, and P. E. Tan-
nenwald (MeGraw-Hill Book Company, Inc., New York,
1966).
IN. Bloembergen and P. Lallemand, ibid,
5G. Eckhardt, R. W. licllwarth, F. J. MeClung, S. E.
Schwartz, D. Weiner, and E. J. Woodbury, Phys. Rev.
Letters 9, 455 (1962),
M. Bloembergen and Y. R. Shen, Phys. Rev. Letters
13, 720 (1964).
“'p, Lallemand and N. Bloembergen, Appl. Phys, Lei-
ters 6, 210 (1965).
8P, Lallemand and N. Bloembergen, Appl. Phys, Let-
ters 6, 212 (1935).
%G. Hauchecorne and G. Mayer, Compt. Rend. 261,
4014 (1965).
1°G. A. Askaryan, Zh. Eksperim. i Tcor. Fiz. 42,
15€7 (1962) {translation: Soviet Phys.—~JETP 15, 1068
(1962)].
DR, Y. Chiao, E. Garmire, and C. H. Townes, Phys.
Rev. Letters 13, 479 (1964).
12p, Lallemand and N. Blocmberg~r, Phy< Rev. Let-
ters 15, 1010 (1965),
3p. L. Kelley, Phys. Rev. Letters 15, 1005 (19G5).
Ye. . wang, Phys. Rev. Letters 16, 344 (1966),
1%y, R. Shen and Y. J. Shaham, Phys. Rev. Letters 15,
1008 (1965).

891

it




Volume 27A, numbesr 9

PHYSICS LETTERS 23 Stptomhel 10(-

FINE STRUCTURE PERIOD OF 'l‘HE° THERMO-SPECTRUM OF
THE STIMULATED RAMAN 8050A LINE IN BENZENE *
J. P.BISCAR, R.BRAUNSTEIN and S. GRATCH
Deparvtment of Physics. University of California,
Los Angcles, Californiu, USA

Received 12 August 1968

A fine structure of 2.20C period on the thermo-spestrum of the §050 A stinulated Raman output in ben-

zene is reported, in addition to the previously reported large period.

We have previously reported evidence of a
cyclic ‘femperature dependence of the stimulated
Stokes lines of benzene [1]. In that report it was
shown that the 8050 A output which is tae Stokes
line of the ruby laser and 2 X 982 em-1 phonons,
had a large period of about 80C. The 1.07 y mul-
ti-phonon Stokes [2] **, output which involves, in
addition to the aforementioned phonons, the 3064
cm-1 phonon of benzene, had a 2.79C period in
the region of 20°C [1]. In another investigation,
the output of the stimulated infrared emission
from optical phenons as a function of the temper-
ature of benzene again showed a peak at 250-260C
and another at 179C indicating that this large per-
iod is associated with t!+ 2 X 892 cm~1 optical
phonons [3]. Now, having refined our experimen-
tal arrangement, we have frnd evidence of a
shorter periodicity of 2.20C on the 8050 A output,
in addition to the previously reported large per-
iod.

The experimental scetup was the same as in
ref. 1 except that the laser stability had been im-
proved to be better than 2%, and the addition of a
precision temperature control unit which allowed
the rate of temperaturc change to be precisely
controlled. The ruby laser pump power density
was maintained at 60 MW/cm2, the cell length
was reduced to 38 cm. The temperature of the
cell was raised at a constant speed of one regree
centrigrade every six minutes. The laser shots
were separated by two minute intervals, that is
0.30C.

If we assume the period is proportional to

* This research was supported by the U.S. Office of
Naval Rescarch under Contract No, NONR-233(93).
** In ref. 2 a minus sign has been omitted in egs. (2)
and (3), tho) should read

Pth(x T) = [ABFQ, )% 1-1 @ "

P T) = pcrqABF(x )~ 1-1 (3)
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wavelength, a Jinear extrapolation of the 1.07
output temperature period gives 2.189C as the
temperature tuning period for 8050 A line. Ex-
perimentally, fig. 1 shows several periods that
at the precision of the data have a value of 2,19C
to 2.29C, which is in good agreement with the
predicted value.

In the data of fig. 1, one could distinguish two
parts: a constant level of the stimulated Stokes

n
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Fig. 1. Relative stimulated Raman intensity versus
temperature in benzene, cell length: 38 em; laser pow-
er: 60 MW/cm2,
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line of about 5 x 100 an the scate of relative am- saturation effecets. Inthe low gain recime, as for
plitude and a temperature dependent output from the 1.07 ;1 line [1] and especially the 5 line 13]
5 100 to about 5 % 108, The temperature behav- the tempoerature dependent phenomenon was ob-
ior could be - fewed as the manifestation of a re- gserved even though the cell was 80 ¢ long.
generative amplifier with the constant Stokes The present observation of a fine structure
power as its input, In the range ol var investiga- period of 2.20C on the thermo-spectrum of the
tion the line shape of the thermo-gpectrum de- 8050 A (laser - 2N 092 em- 1) stimulated Rinan
pends upon the total gain of the regenerative am- line in benzene, in addit’ n to the large period of
piifier [2], while the position of the peak depends 80C, as well as the previously observed period
only on the temperature depeoadent mechanism of 2.70C for the 1.07 ;1 (lascr - 2 X 9042 em-]
taking place in the molecule of benzene. In this - 3064 cm~1) lme further indicatos that 2 pre-
experiment the meximum of the tolal gain was cise molecular mechanism is responsible for the
gsti: rated from the experimental data to be of the thermo-spectrum.

order of 100.

In order to observe the present temperature
dependent phenonicnon, it is absolutely necessary
to maintain amplificr below saturation. Thus af-
ter choosing the ruby pumping power density
(60 MW/em? in this case) we still have the possi-
bility of reducing the cell length, decreasing at
the same time the Stokes irput level and the gain

of the amplifier. In this experiment, the cell References
Jength was reduced to 38 cm (as compared to 1. J.P. Biscar. R.Bravnstein und 8. Grateh, Phys.
larger lengths in previous work {1, 3]. If one in- Rev. Letters 19 (1467) 889,

i 2, J.P.Biscar. R.Braunstein and 8, Grateh, Phys.
creases the cell lenoth, all the other par neters Letters 23 (1967) 127 :
being the same, the temperature variation of the 3. J.P.Biscar. R,Braunstein and 8.Grateh. Phys,
output is drastically reduced, or annihilated, by Rev. Lelters 21 (196%) 195,

* % % % %
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DOUBLED THERMO-SPECTRUM
OF THFE 8050 A STIMULATED RAMAN LINE IN BENZENE *

J. P.BISCAR, R.BRAUKSTEIN and S. GRATCH
Departnient of Plysics, Univcrsily of California al Los Argeles, USA

Reccived 20 August 1968

A doubled thermmo-speetrum of the 8050 & stimulated Raman output in henzene is reported. The ob-
served doubled period of 2.20C indicates that a specific moleeular interaction is responsible for the cy-
clic temperature dependenee of the stimulated Raman output.

We have previously shown [1] that the 8050 A
(laser - 2x992 em-!) stimulated Raman line of
benzene exhibits a eyelie temperature dependen-
¢y with a peak at 250 - 269 in its thcrmo-spec-
trum. The thermo-speetrum of the stimulated
emission output ai 51 (2X992 cm~1) from optical
phonons has showr the same peak [2]: consequent-
ly it appears that the 2 X 992 em-1 opiieal pho-
nons are responsible for this peak. Further in-
vestigation [3] of the thermo-spectrum of the
8050 A line revealed a fine strueture period of
the order of a 2.2°C. Even thaugh a fine period
can be elearly distinguished in this previous
work [3] it appeared that cither there was too
mueh scatter in the data or that there was even
more detail which wouid be revealed with a higher
temperature resoclution. The present work has in-
deed revealed a doubled period of 2.2°C of the
8050 A line.

The general experimental seiup used in this
work was the sae as in ref. {1]. The call length
was 38 ¢cm and the ruby laser pumping power den-
sity had a stability of better than 2%. 'The temper-
ature of the benzene cell was raised at a constant
specd by cquidistant steps of 0.025°C. Tne laser
shots were separa’ *d by two minute intervals. As
usual in our technique of thermo-spectrometry,
after choosing the cell length and ruby laser
pumping power density, we recorded the straight
forward intensity of the stimulated Stokes Raman
output as a function of the temperature of the ben-
zene cell.

Fig. 1 shows the spectrum taken at a power
density of 60 MW em~2 and an 0.3°C temperature

* This rescaich was supported by the U.S. Office ¢f Na-
va. Research under Contract No. NONR-233(43).

interval. The data of fig. 2 were obta’'ned with an
80 MW cm~2 pump power density and an 0.20C
interval. One can distinguish a 2.2°C period in the
data of fig. 1 with some scatter or pussibly par-
tially resolved lines. The speetrum of fig. 2 looks
mueh more complieated than the 2.2°C period of
fig. 1. However, a careful examination of fig. 2
shows that there is the same periodicity though
now for every other peak. It scems we are now
getting, under these experimental ¢onditions, a
doubled speetrum. At the same time, the deeper

o retanl
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Fig. 1. Relative stimulated Ram:un intensity at 8030 A
in benzene, cell length: 38 em: laser power- 60 MW
em=2. Data taken at 0.3°C intervals.
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Fig. 2. Thermo-spectiun of 8050 X line in benzene,

cell length: 38 cm: laser power: 80 MW cm~1. Data

taken at 0.2°C intervals. (Each line of arrows indicates
the fine temperature period of the alternating peaks.)

minima at 21°C and 28°C look very familiar since
it is exactly there that the minima {1, 2] of the

2% 992 cm™1 emission occur, independent of cell
length and laser power. The loss of periodicity in
the intensity of the spectrum between 219 and 23°C
in fig. 2 is due to an accidental temperature back~
lash of 0.5°C that disturbed the temperature ho-
mogeneity.

For the 1.07:1 multiphonon stimulated Stokes
line [4], we found a period of 2.7°C in the 20°C
region. It is interesting to note that the three
peaks of the 1.07u (laser - 2x 992 - 2064 em~1) re -
ported in ref. [1] are in good periodical position
if one assumes that two pecaks are missing in the
25°C region where the maximum of the strong
2% 992 em~! mode [1,2] occurs. It appears that
the period of the 2 X 992 em-1 line manifests it-
self even in the 1.07u line by suppression of the
expected peaks at 25°C and 17°C.

So far, the thermo-spectrum of benzene at dif-
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ferent wavelengths follows a consistent pattern.
The different temperaturc periods have been:
2.79C at 1.07u, 2.2°C at 8050 A, and 2.0°C at
7456 A [b], with no detectuble dispersion of the
successive peaks within our experimental preci-
sion, in the temperature range of these experi-
ments; however, there is some dispersion for the
79 to 89C period of the 5y 2]. These periods are
defined between 20° and 30°C, below 20°C there
is an increase of the thermo-period.

The resulis of these experinients are a very
strong argument against explaining the tempera-
ture behavior by any mixing, traveling wave gen-
eration, or phase matching theory, but are in fa-
vor of a localized interaction; whereby the vibra-
tional mode gencrated in each molecule interacts
with electrons in t' 2 benzene bonds and modulates
the deusity of the 7-electron streamers. The hy-
drogen-carbon vibrations (3ot em=1) in the plane
of the molc seems to be less efficient than the
carbon-carbon vibrations (2X992 cm’l) in this
process; the higher critical power [4] of the 1.07u
line is an argument for the less efficient interac-
tion of the 3054 cmi~1 phonons.

The obsegvation of a doubled thermo-~spectrum
of the 8050 A line in beuzene leads us to believe
that the overtone on the thermo-spectrum of this
Stokes line is associated with a very preeise mo-
lecular mechanism. It could be a new type of mo-
lecular orbital electronic resonance. We have
chosen benzenc in our investigation beeause of the
symmetry of the molecule and the known overlap-
ping of the 7-orbitals. One would expect to see a
thermo-spectrum for benzene derivatives, enab-
ling further study of intra-molecular interactions.
Very possibly, other types of molecules could al-
so yield such thermo-spectra.
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VII, Infrarcd Emission from Coherently Driven Optical Phoaons

A great many of the studics of stinulated Raman scatt:ring have
been concerncd with the anonmalies agsociatcd with such paramecters as the
Raman gain, the anti-Stokes and Stokes cmission angles, the jmportance
of regeneration and the ratio of forward to backward output. The practi-
cal application of the process has been as a source of intense, pulsed
nmonochronatic radiation over a wide range of wavelengths derivable from
a single lascr wavelength, The fact that in addition a high level of
excitation of the optical branch of the lattice vibrations occurs during
stimulated Raman scattering has hardly been cxploited, The existence
of such intense sources of coherent optical phonens lecads onc to con-
sider their utilization in a number of subsidiary intcractions, The
possibility of otserving infrared cmission from these cohercently driven
optical phonons has been discussed at various tines in the literaturec.,
However, up to the present work no cxperimental obscrvation of this
cffect had been reported.

Onc may consider the process of the cnission of infrared radiation
from optical phonons as a parametric intcraction in which the laser fre-
quency serves as the pump, the Raman scattered frcqucncy as the idler
and the penerated diff~recnce frequency as the signal, Since the stinu-
lated Raman scattering results in a highly efficicent conversion of lasew
photons to Stokes photons, a high level of generation of optical phonons
accompanics the process, If the substance lacks a center-of-inversion

infrared emission at appropriate phonon frequencies should be observable

provided . the momentum matching conditions between the incident laser fre-
quency, the Stokes frequency and the generated infrared differcnce fre-

quency can be satisfied.
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Our previous work on the temperature dependence of the stimulated
taman output in benzenc indicated that we were observing a parametric
type of interaction where the phase matching was obtained by tempera-
turc contrel of the Raman cells. It was consequently decided to look
for infrared emission at appropriate Raman frequencies, despite the
fact that many of the vibrational modes of liquid benzene are Raman-
active but infrared-inactiv.

Accompanying the stimulatecd Raman process in benzene, infrared
emission at 5 microns was observed and the variation of intensity with
temperature was measured. The thermospectrum of the SOSOR stimulated
Raman line, which En§olves a shift of 2 x 992 cm_l from the laser fre-
quency pecaks at the same temperature as the 5 micron line, indicating
that both lines involve the 2 x 992 <:m'-1 plasma,

The results of this work arc described in the accompanying reprint
in this section,

Syimmetry arguments indicate that the €902 cm-l mode and its harmonic
arc Raman-active, but infrared-inactive and hence should not couple to
the radiation field. However, benzenc has a strong infrared absorption
band at 1955_cm_1, whieh is due to a combination of the 985 — aud the
970 <:m"1 vibrations, The limited resolution of our detccting system pre-
cluded the possibility of distinguishing between 1055 en”! and 1984 enl,
The experimental arrangement for this work has been previously described
in the section in the temperzture behavior of the stimulated Raman
thresholds.

A point of considerable interest is the obscrvation that the emission
at 5 microns was observed despite the fact that the absorption cocfficient

1

is K ~ 40 em™° for this wavelenpgth and for a ccll 60 cm Jong one would

normally expect self-absorption to obviate the obscrvation of the radiation.
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This would indeed have been the casc for spontaneous emission generated
along the laser beam path. lowever, during stimulated Raman scattering
cohicrent phonous are gencrated and by virtue of the temperature depcndency
of the above lines appropriate phasc matching conditions are obtained. One
might say we have established a condition of "induced transparency"
cngendercd by the coherently driven optical phonons.

Benzene is not the ideal choice to study the generation of infrared
emission from coherently driven optical lattice vibrations since most of
the vibrational modes which are Raman-active are infrared-inactive. A
morc appropriate choice would be one of the large band-gap I1I-V compounds.
In single crystal material, it should be possible to obtain phase matching
by appropriatc orientation with respect to the crystal-axes. In addition
it would be desircable to use appropriate indcpendent pairs of probc beams
to measure the dispersion of the generator intrarcd diffcrencc frequency,
rather than depend upon thc mixing between the laser and the Stokes fre-
quency.

The present work indicates that the ufilization of thc cohercnt phonons
generated in the stimulated Raman process shouid be a fertile area of rescarch.
Aside from the observation of infrared emission from these phonons, con-
siderations such as the study of phonon-phonon interactions and phonon

lifetimes should be rewarding.
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STIMULATED INFRARED EMISSION FROM OPTICAL PHONONS*

J. P. Biscar, R. Braunstein, and S. Gratch
Department of Physics, University of California at L.os Angeles, Los Angcles, California
Received 27 May 1968)

The first observation of infrared stimulated emission associated with the optical pho-
nons of a liquid is reported at 5 u from benzene. The variation of the 5-i: output, as a
function of the temperature of the benzeae, is the same as the large neriod of the ther-
mospectrum of the 8050-A stimulated Raman line, which involves the same optical pho-

nons,

We report the generation of stimulated infra-
red radiation at 5 4 by phonons from benzene ex-
cited by a @ -switched laser. The radiation ob-
served corresponds to 1984 em™!. The carbon-
carbon vibration in the plane of the molecule,
992 ecm™!, and its harmonic, 1984 cm~', have
been shown to be strongly active in second or-
der!™® and multiphonon* stimulated Raman gen-
eration.

The experiments were performed with a ruby

laser @ switched by a rotating prism. The sin-
gle pulse output had a half-width of 40 to 50 nsec.
We used two different configurations in these ex-
periments. In all runs, the parallel output beam
of the laser was used. The temperature of the
benzene was controlled by temperature-regulat-
ed water circulating in a jacket surrounding the
Raman cell.

The first set of runs were performed with a
cell, 69 cm long, having a quartz input window

195




VoruMme 21, Numien 4

PHYSICAL REVIEW LETTERS

22 Jury 1908

and a sodivin chloride exit window, The infra-
red radiation was separated {from the laser and
stimulated Raman output by a sodium chloride
prism, passed through a germanium filter, ang
was detected by a liquid-heliuni-cooled Ge:llg
detector. The response time of the detectior was
about 500 nscc.

The variation of intensity of the 5-u line as a
function of the termaperature of the liguid was
measured. Figure 1(a) shows the thermospec-
trum of the 5-y line for a constant laser-pump-
ing-power density (30 MW cm™%). As a compari-
soi, Fig. 1(b) shows the thermospectrum of the
8050-A stimulated Stokes line of henzene tuken
at a slightly lower pump-power densily (G0 MW
cin~?). Both spectra show a peak at about 25-
26°C. In previous work,” a similar thermospec-
tram of the 8050-A line was observed. It should
be noted in this comparison that the change in in-
frared amplitude in this temperature interval is
less than an order of magnitude, while {the am-
plitude variation of the 8050-A line is over iour
orders of magnitude when measured under prop-
er couditions.

In the second set of experiments, we used an
80-cm long cell with an input window of quartz,
but having a barium fluoride cutput window. The
radiation out of the cell passed through a calci-
um fluoride prism, set in total reflection for the
ruby and the Raman lines, while transmitting
from 3 to 9 u. The infrared radiation was fo-
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FIG. 1. (a) Relative stimulated infrared output at 5 p
as function of the temperature of benzene, Cell length
=69 ¢cm; laser power density =90 MW em™2, ) Rela-
tive stimulated Raman output (Stokes line, 8050 Masa
function of the temperature of benzeue, Cell length=69
em; laser power density =60 MW em™?,

196

4']]'

cused by a rotatable, 37-cm focal length, front-
surface aluminum mirror through a germanium
filter to a Ge:Au detector cooled to 65 K. The
range of the temperature control unit had been
increased to check the validity of the mplitude
increase below 20°C as seen in Fig. 1(z). It was
necessary 1o usc a higher laser power density
{100 MW ¢m ™2) to overcome the lower detectivi-
ty of the Ge:Au detector.

We again found the maximun: of the 5-i line at
25°C, though broader (the same occurs in the -
thermospectrum of 8050 A at increased laser
powcr density!). We found, repeatedly, another
peak at 17°C with another minimum at 13°C. The
8050-A Stokes line was found to have a sinilar
structure just above its threshold. 1lu the ther-
mospectrum of the 5-u line, the amplitude of
the 17°C peak is larger than that of the 25°C
peak. Similar behavior, i.e., larger amplitude
at lower temperature, was noted for the 8050-A
line especially on the runs to reveal a 2.2°C-peri-
od fine structurc® together with the aforemen~
tioned large perind.

The possibility of observing the process of gen-
eration of far-infrared radiation concurrent with
stimulated Raman generation has been consider-
ed by a number of authors.”"** These proposals
have considered the situation in which, under
stimulated Raman scattering, large-amplitude
coherent vibrations will be produced, and if
these molecules have an electric dipole moment,
infrared radiation will be emitted at the vibra-
tional frequencies.

The idealizc.! benzene molecule is nonpolar
and has centru-symmetry Dgy. This configura-
tion allows five major operations of symmetry
which define {i:e various classes of mation for
different fund:mental vibrations of the molecule
and whether thicy can be active in infrared or Ra-
mza processcs. Both 992 em™! and its harmonic
beloag' to the symmetry class Alg and so are Ra-
man active but infrared inactive. There is exper-
imental eviden-e which implies that in the lig-
uid, because of intermolecular forces, the struc-
ture is slightly changed and the Dgj symmetry
is not a2bsoluteiy perfect.)2”™ At low light inten~
sities, as are employed in normal Raman and in-
frared spectrozcopy, the point groups of the mo-
lecular vibratisnal modes are of prime impor-
tance in deter:ining the optical properties. But
at coherent ar< high light intensities needed for
stimulated Rai:an generation induced phencme-
non may take <ver producing a radiating dipole
moment correnponding to 1984 cm™?,
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The infrared stimul:ted emission is observed
despite the absorption (K ~40 cm™) of the medi-
um?® due lo background absorption and a sireng
neighboring absorption band at 1955 cin™}, which
has been identified® as a colabination of the 985-
and 970-cm™~! vibralions. The large absorption
of the medium al 5 it must {irsl be salurated to
allow the stimulated infrared radiation lo propa-
gate. .

That the thermospectrum of the 8050-A stimu
lated Raman lire, which involves a shift of 1984
cm ™! from the laser frequency, and the thermo-
spectrum of the slimulated-emission line at 5 it
peak at the same temperature indicate thal both
are due to phonons of 1984 cm™!, Although we
have observed oplical-phonon-stimulaled emis-
sion from benzene, such ewmission should be ob-
servable from many liquids, gases, and solids.

We wish to thank Mr. J. Hoover of the Acrojet
General Corporation of Azusa, California, for
kindly providing us with one of their newly devel-
oped, excellent Ge:Hg delectors.

*This research was supported by the U. S, Office of
Naval Research under Coniract No, Nonr-233(93).
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VIII. DERIVATIVE SPECTROSCOPY

£

There arc a nurher of applications for which it is desirable
to sweep the frequeacy of @ manochironeter at relatively rapid rates,
In the case of signal aversging using rulti-channel analyzer tech-

v

niques foi detecting wear spentancous Raman lines, the signal te
uoisce is cihanced proporticnal to the square root of the nuiber of
sweeps through the line. In order to detcct very weak narrow ab-
sorption lines out of a background of relatively smooth absorption,
it would be desirable to chiain the derivative of the absorption
since conventional techniques vequire a highly stable optiéal de«
tecting system. We have developed a technique vhich cnables ut to
frequency modulate a specirencter in aﬁy desired spectral range.
This tcchnique has rather wide applicability in a pumber of areas.
Since there has been a nutber of dcveICpmeanlin derivative tech-
niques for the study of band structure of solids, we shall describe
the present technique in some detail in the context of band structure
studies. However, the same methods can be uscd te measure small
narrow abscrption bands in liquids and gases.

buring the past few years, several new techni“ucsl"7 have bcenl
developed which have nade it possible to determine the singularitics
in the density of states {or optical transitions in solids. These
techniques are esseatially derivative techniques which allow the
detection of very snsll changes in optical absorption or reflectivity
in an otherwise flat background, The comnon denoninator cf all these
techniques is that scre naterial parameter is modulated and the de-

yivatives of the corresponding optical absorpticn or reflectivity
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is measurcd by @ phose seositive detector, Thc.advnutugv of these nou
techniques is that thev give rise to Jarge eficcts at critical peints
such as band edges or saddle points, resulting in converting oﬁhﬁrwisu
continuous-like spectra inte line-like spectra with the conscquent
casc iu neasuring the positicas of these singularatics., The electire:
optical tcchniquelus nay be used on insuleters  and seni-conductors,
while the piczonoptica16'7 technique nay be used for insulators or
retals,  The recently developed thermal-derivative technique can be
uscd on nost maturiuls.s However, all thesc nethods are necessarily
restrictive in their applicabi}%ty since they require appropr’ ate
sample preparstion to which stress, cle-tric fields, or therel risc
in terperature is to be applied., In additional, all these techniques
yield line shapes which arc not coupletelr understood.,

It would be desireble in this field to hove a wethod of ob-
taining tho derivative of the ebsorpticn or reflectivity as a function
of wavelenr  without recourse to the actual nodalation of the epticel
properties of the wateriul, In this manuer, it would then be possible
to locate the singularities and then to scparately study the effgcts
of stress; clectric fields, or teuperature, Essentially, what is
nceded is a frequency modulated spectrometer, so that appropriate
phase sensitive of the detect. o signal would yicld first or higher
derivatives. Ne have developed such neans of frequency nodulation
anyvhere frem the ultra-violet to tho.far—infrarcd at depths of nndu-

lation of éf ¢=10—3

at freaquency rates up to a kilocycle/sce, We
have demonstrated that such a device is cepatle of measuring changes

in absorption or reflectivity at Jevels of onc part per nillion for

narrow linc: out of a continuvous background,




Several nethods heve been reported for producing derivative

9-13 9,10

spectra,” In o cless, differentiation is obtained by clee-

trical differentiation of the output signal with rcespeet to tinz in an

analoguce {ashion, This nethod has the disadvantage that the value of

the derivative is a function of the scanning speed, However, diff- '
erentiating the independent variable, such as the wavelength, is not :
subject to this disadvantage. The wavelength of a spectrometer may

be nodulated by varying the wavelength of the light incident on the

detector, This may be done by the vibration of one of the slitsn’l3
or by oscillating the deflection of the bean through the cxit-slit by
the vse of a refractor platc.lz Both of thesce nrctliods require a modi-
fication of the spectromncter and in addition, the latter is limited
by the transnission characteristics of the refractor plate. A more
universal nethod which renuires a mininum of interference with an
existing s:cctrencter and requires very little auxiliary equipment

is to oscillate a deflecting mirror within the spectroncter,

Figure 1 shous the experinental arrangenent for obtaining the :
derivative of an optical quantity. The only modification within the
spcctroncter is an additional structurc upon which the exit mirror is
nmounted which cnables it to be oscillated at a frequency and amplitude
deternined by the voltage applied to a piero-clectric element connected
in a bimorph configuration, The mounting of the exit-slit diagonal
mirror in Perkiin-Elner 995, 210 end 301 monochromonators was S modi-
ficld the frequency of osecillation of the mirror can be from 30/1000
cycles/sec, and yield an amplitude of oscillation so that the depth

. -3 . . N o
of modulation was at 2} = 10 in the wavelenr 1 range 3000A-20,0004.

i
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The intensity of the light falling on the detector alter trens.

mission through a sample is piven by:

(IR XA BN (N L T
I(A) - [ —~»)~LQ..)\.!__L._ ___(..) ) -c <k>
1~ R¥(N) c>.p[~2_, e () \ ¢}

where K, R and d are the absoyption cocfficient, reflectivity aud
thickness of the sample end 10(1) is the incident intensity on the
sample, In regions where the transiission is not too great, d.c.,

KA >, we can let the denominator cqual) unity and:

T = (=RY exp Lxa] To(0) (2)

1f we neglect the spectral dependeace of R

C .L - e ’\ (‘_ . b -V
AL = (V-RY 4L ¢ = ),, (A (H{)”. VU e ()

T~ (_,.‘.-L~\-°
(3)
If the slits of the monochromator arc adjusted so as to keep the
light intensity falling on the detector a constant, we obtain:
I

d (_) _ 4T, W ax(d

\ d ) - QR - n =
- d2a
: L id | (4)
AIUJ

Thus we sece if the contribution to ///IL from atnospheric
absorption, the wavelength respense of the detector, and the light
source is small compared to that of the sample, it is possiblc to
obtain the derivative of the abserption cecfficient with respect

1

to wavelength, If the contribution fron the source background is



conpirable to that of the sovple, a separate yun without the sauple will

yicld %3;'//1; and the derivative of the ebsorption cocffi~ient can

be calculated, A separate run to ohtain the backzround derivetive can

be obviated hy the use of 2 cdouble-beam optical systen such as the
Perkin-Eluer 301 where the derivative of the signel through the sample
and that of the background are simultancously measurcd and the bachground
corrcetion nade by au clectric analogue circuit.

It should be noted that by this mcthpd of direct differentation,
j.c., by frequency nodulating the macyochronater, the line shnﬁcs at
the sinpular polnts arc obtzined unabiguously., This is in contrast
to the eleetro-optical piczo-optical, or therio-optical technique
where a material peramcter is nodulated and so the observed line
shape of the derivative mvst be unfolded ffom the raw data by theore-
tical cousidcra{ions.

The expcrinental arrangeiacnt for obtaining the derivative of a
spectra is showi in Figure 1. The light signal incident on the sample
is amplitude medulated at 13 c.p.s. by a chopping wheel and the recti-
field d.c. componert is fed to a servo control which adjusts the slits
of the manochromater to keep a constant incident intensity on the de-
tcetor so as to maintain a fixed d.c. operating point on the detector,
The exit-slit mirror is dwiven at ” 200 c.p.s. and this a.c. component
of the transuitted beam is detected synchronously with the voltage
driving the piczo-electric binorph. The frequency of oscillation is
chosen as high as possible to overcoic the ]/f noise in the detecting
system. The frequency of nodulation depends upon tho mass IESONENce
frequency of the 1mirreY svsteil, kAlthough_maximun anp]itudé occurs at  °

200 c.p.Se froquencics up to 1000 c.p.s. can be obiained with somewhit

decyeescd nodnlation,

et B




In order to demonstrate the operation of the dervivative spoecira
neter, the following data was taken using the grecn-line of a Ho-ove
as the source, A Perbin-lLlier 210 woaochromator vas used, with an
RCA 1P28 Photomultipiicer as the detector, in conjunction with a
PAR HR~8 Jock-in-amplifier. Figure 2a shows the anplitude of the
green line, Figurc 2b and VFigure 2¢ show the first and sccond de-
rivative of this line at a nedulation veltuge which did not cavse
any appreciable broadening of the line. Figures 2b and 2c¢ also show
the same sequence of data taken with larger modulaiing voltage where
the linc widths of the derivative spectra are modulation broadening
causcd by the fact that the depth of frequency nmodulation:is cos -
parable with the instrumental line width,

Phonon-assisted indirect transitions in tramsnission and the
singulariites in the rcfic:tivity of scaiconductors were investie
gated using the abo&c techniques, Figure 3 shows the phonon-assisted
indircct transitions in silicon at roon teiperaturcs, This figure
shows the actual chart recording of both the derivative of silicon
and the derivative of the background Io. One should note the snall
structure in fhc d]%/&y:signal. The nct result of interest, §§~,
is derived by taking the differeace of thesc two signals, but as
the Aj;/ﬁ;v signal is roughly constant, the rmain structurc of
is apparent in the A]7Ch) signal.

.Thc plasna cdges of.thc noble netals silver and gold have bcén
investigated using this ncthod in reflection and transmissicn using
aluminun as a standard. Figurc 4 shows the derivative of the re-
flectivity of silver in the rcgion of the plaﬁma absorption., In this
region the derivative of the aluninun rcflcﬁtivity is practically

flat so that this figure rcprescnts the net result dR/ﬁx) .



Although in this report we have illustreted the use of derivative
spectroscopy in enission, transnissien and reflectien in solids, it
was pessible to detect very weak atmospheric absorption in moderately
short laboratery paths by this technique. This derivative technique
should prove very useful in neasuring single and double-photen ab-

sorption in gaszs and solids.
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FIGURE CAPTIONS

S b LT L I

Schenatic diagram of optical sct-up uscd to obtain the derivation

of a spectrun,

Enission of the green-line of ”g’ togcther with the first and
second derivative, Also arc shown the same spectra taken wnder
conditions where the depth of nodulation is comparable to the
instrumental line width showing the effects of modulation

broadeniug.

Derivative of the phonon-assisted indirect transitions in

silicon at room temperaturcs. ¢

Derivative of the plasma edge of silver in reflection,
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CRITICAL POINT DETERMINATION BY DERIVATIVE
OPT ' aL SPECTROSCOPY*

R. Braunstein, P. Schreiber* and M. Welkowsky*

Department of Physics, University of California
Los Angeles, California, U.S,A.

{(Received 28 May 1968 by E. Burstein)

The singularities of phonon-assisted transitions in Si and the
refleclivity in the neighbortood of the plasma edge in Ag were
determined by a method of derivative spectroscopy. The use
of this technique of frequency-modulated spectroscopy enables
one to readily obtain the first or higher derivatives of any opti-

Great Britain

cal spectra.

THE >INGULARITIES of the phonon-assisted
transitions in Si and the reflectivity in the neigh-
borhood of the plasma edge in Ag were determined
by a method of derivative spectroscopy. This
technique of frequency-modulated spectroscopy
enables one to readily obtain the first and higber
derivatives of optical spectra and is of general
utility in problems involving the detection of very
weak narrow aosorption, reflection or emission
lines out of a relatively smooth background spec-
tra. Inparticular, this technique is of general
utility in determining the critical points in inter-
band transitions in solids.

During the past few years, several new

derivative techniques™® have been developed

. which have made it possible to determine the sin-
gularities in the density of states for optical tran-
sitions in solids. The common denominator of
all of these approaches is the mu Julation of a
material parameter and the subsequent detection
of the derivative of the optical transmission or
reflectivity by phase sensitive detection. How-
ever, all of these methods are necessarily re-
strictive in their applicability since they require
appropriate saniple properties sc that stress,

*This research was partially supported by the
U.S. Office of Naval Research,

+Now at Santa Barbara Research Center, Santa
. Barbara, California.

$NASA Predoctoral Trainee.
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electric fields, or temperature changes can be
applied. In addition, all of these techniques
yield line shapes which are difficult to interpret,.

0 A more desirable ntethod is to frequency
modulate a spectrometer and then to obtain the
first or higlier derivatives of the spectra by phase
sensitive dctection. 1In this manner, it is possible
to locate the singularities and then to separately
study the effects of stress, electrlc fields or
temperature, Several methods have been reported
for produci.g derivative spectra.®”—~ However,
they all are unnecessarily restrictive in some -
manner,

We have used a method wkich requires a
minimum of interference with an existing spec-
tronteter: this was accomplished by oscillating
a deflecting mirror before the exit slit in a con-
ventional spectrometer. A somewhat similar
technique has been reported in another context,
In this marner, we have converted Pevkin-Eimer
99G, 201 and 301 monochromators to frequency
modulated spectrometers. The only modifica-
tions were additional structures upon which the
exit mirrors were mounted which enabled them
to be oscillated by a piezo-electric element con-
nected in a bimorph configuration. The frequency
and amplitude were determined by the applied
voltage, rcsulting in a depth of modulation of
5\)/\:’ ~ 10-3 o

The transmitted intensity, neglecting in-
ternal reficction, from a sample of absorption
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coefficient k, thickness d, and rcflectivity R
is given by:

I(v) = 1,(v) (1-R)* expl-k(v)-d}.

If the oulput of the spectrometer is frequency
modulated while the average light. intensity on
the detccior is kept constant, we obtain:

di(v) dL(v)
dv _dv dk d

I I, ~ dv

where we liave neglected the spectral dependence
of R, If (dI, /dv)/I, ic small, it is possible to
dircctly obtain the derivative of the absorption
coefficient with respeet to wavelength, If

(dI, /dv)/1, is not small, a separate normaliza-
tion run without the samplc ...ust be made. The
latter can be obviated by the use of a double-
beam optical system such as the Perkin-Elmer
301. We have uscd both systems undei the
appropriate conditions.

It should be noted that by the use of this
mecthod of divect differentiation, the line shapes
at the singular points are obtaincd unambiguously.
This is in contrast to the electro-optical,*”®
piczo-optical,? or thcrmo-optical® techniques
where a material paramcter is modulated re-
quiring an unfolding of the true line shape of the
derivative from the raw data by *heoretical con-
sidcrations.

Since the background was small in the
results we are reporting, we used a single-beam
configuration. A fixed d.c. opcrating point was
maintained on the detector by-a feedback net-
work which controlled the slit-width of the mono-
chromator. The cxit-slit mirror was driven at
~ 200 ¢/s and this a. ¢, component of the trans-
nmitted beam was detected synchronously with
the voltage driving the piczo-clectric bimorph.

As an illustration of the operation of the
derivative spectromcter, Fig. 1 shows the data
taken using the green-line of a Hg-arc as the
source. Included is the amplitudc of this line
and its first and second derivatives. Also shown
arc the modulation broadened derivatives caused
by an excessive modulation, which is comparable
to thc instrumental linc width,

Plonon-assisted indircct transitions in
transmisslon in scmiconductors and the singula-
ritics in the reflectivity of scmiccnductors and

ARBITRARY UN!TS

(Arbitrary Units)

NlL/AY
I

) (d)

1

(c)
(e)

_.JJL e

FIG. 1

Emission of the green-line of Hg, to-
gether with the first and sccond deri-
vatives; (a) shows the amplitude modu-
lated signal, (b) the first derivative,
(c) the sccond derivative, (d) and (e)
show the same sequence as (b) and (c),
but taken unde: conditions where the
depth of modulation is comparable to
the instrumental line width revealing
the effects of modulation broadening,

26 123 120 7 T4

ENERGY (V)

FIG. 2

Derivative of the phonon-assisted in-
direct transitions in silicon at room
temperatures; TO = transverse optical
phonon, TA = transverse acoustical
phonon, O=optical phonon of zero mo-
mentum,
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30p——— T T with the results of electro-absorption,® but of
: couvrse the line shapes are different.
Figure ¢ shows the derivative of the re-
& 200 a ! flectivity of evaporated Ag using Alas a standard.
‘o g l I The prominent fe. tures in the derivative spectra
x 2 of , | are a peak which eccurs at the steep plasia edge
' al o / \ : at 3.58 eV which {: displaced from the calcula-
S‘m §!a:'4' ted free-electron vilue by the Ly = Lo, 2 {inter-
% loF < band transition. The smaller struelures between
‘BL_,____L__..__- 2.0 and 3.5 ¢V whieh are shown in the insert in
Fig. 3, expanded by two orders of magnitude,
J are reproducible from sample to sample; struc-
ot ture in this region has been seen by electro-opti-
L. 210 310 10) cal® and piezo-optical® teehniques. The begin-
: y : ning of structure starting beyond 4.0 eV may be
ENERGY (eV) the precursor of another interband transiticn
‘ which is expected around 5 eV.
FIG. 3
- It also was possible to detect very weak
Derivative of the refleetivity in the aimospheric absorption in moderately short
neighborhood of the plasma edge of laboratory paths by this technique., In addition
evaporated silver. to the study of critieal points in the band struc-
ture of solids, this technique has great utility in
all areas of spectroscopy requiring the detection
" metals were investigated using the above tech- of weak lines out of broad background spectra.
niques. Figure 2 shows the phonon-assisted )
{ndirect transitions in silicon at room tempera- Acknowledgments - The authors wish to grate-
ture. Identified in the figure are the TO, TA, Tully acknowledge the excellent technical assis-
and TO + O phonon-assisted transitlons. The tance of John Balon,
energy separations of these phonon bumps aguree
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CRITICAL POINK DETERMINATION

Les sing 'arités des transitions assistées par phonons dans le
Silicium et le coelficient de réflection au voisinage d'un front
d'absorption de plasma dans 1'argent ont été mesurés grice A
une methode de dérivation spectroscopique, L'utillisation de
cette technique spectroscopique, 4 modulation de fréquence,
donne 1a possibilité d'obtenir les dérivées premiére ct d'ordre
supéricur de n'importe quel spectre optique.

Vol. 6, No. 9
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