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I.  SUMMARY 
i 

The objective of the present prograa was a study of the interaction 

of intense optical radiation with raatter so as to obtain a correlation of 

various nonlinear processes in tenns of the band structure 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 lattice dynamos of semi-conductors, metals and insulators were investiRated 

by the use of conventional as well as laser sources of radiation. Since the 

major results of this work have been published,•we include -a series of reprints 

in this report, as well as high-light summaries of these contributions. The 

following is a summary of the specific accomplishments during this contract. 

a) A theory for the reflection of neutral atoms from standing light 

waves was developed. It is indicated that it is experimentally feasible to 

spacially separate excited states in a beam of neutral atoms or molecules 

and hence, produce beam optical lasers. 

b) A new type 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 regenerative amplifier. 

c) A new multiple-phonon stimulated Raman line at 1.071J in benzene was 

reported. This line is well understood in terms of a light feedback theory. 

d) It was shown that multiple-photon absorption can set an intrinsic 

upner limit to the power density that can be propagated through a semiconductor. 

This yields an effective means of optically pumping semiconductor lasers, sets 

an intrinsic limit to the power density obtainable from such devices, as well 

as a means of fashioning power limitert». 

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

in benzene was reported. 



f) The first obscrvatio:i of infrared itfsalstlea cmisr.ion associated 

with optical phonons of a liquid was reported. This was seen at S\i  from 

benzene. In addition, induced transparency by coherent optical phonons was 

observed; 

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

which enables us to readily 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 ur>ed 

to study critical points in band structure of semiconductors and metals. 

h) A fine structure of 2.2i'C period on the thenno-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 8OS0Ä line in benzene was discovered 

which yielded a double period of 2.2°^. The cyclic thermo-spectrum in benzene 

indicates that a specific molecular interaction is responsible for the effect. 



II.  BRAGG ROrLüCTION OF NOUTRAL PARTICLES BY OPTICAL STANDING WAVES 

Hie possibility of observing Brcgg Tcflection of electrons by standing 

light waves was predicted by Dirac and Kapitzn in 1933. ^here has been 

recent experimental interest in observing this phenoncaa. The Dirsc- 

Kapitza analysis has been generalized to show that any neutral particle, 

including neutral atoms, 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 hco/Mcv vherc e is the frequency of the 

standing light wave and M and v are the mass and velocity of the scattered 

neutral particle. If this condition is not satisfied, there is essentially 

no scattering. If a neutral atom of mass 20 and kinetic energy 1 ev is 

incident within a ruby laser cavity, the angle of deflection will be of the 

ordor of 10"^ radians. Although it is experimentally feasible to measure 

such deflection angles, much larger angles will be obtained if sub-thermal 

beams could be employed. 

This phenomena opens up the possibility of using an optical cavity to 

spatially separate 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 

ofjhis public^>" is  inrlndod 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 L. M. Frantz 
TRW Systems, Rcdondo Beach, California 

and 

R. Braunstein 
University of Calif nnia, Los Angeles, California 

(Received 16 Miy 1906) 

It was predicted in 1933 by Dirac and Kapit- 
za1 that electrons could undergo Bragg reflec- 
tion from standing light waves.  This phenom- 
enon of electron-wave scattering is analogous 
to the ordinary scattering of light waves by 
periodic structures such as diffraction gratings 
and crystals.  Recent interest* has been stim- 
ulated by the increased possibility of observ- 
ing the effect using the intense light beams now 
available as a result of laser technology. 

We wish to point out that Bragg reflection 
by standing light waves is not restricted to elec- 

trons, but should occur fcr all particles capa- 
ble of scattering photons, including r.culral 
atoms. The Dirac-Kapitza analysis results 
in the expression for the scattering probabil- 
ity per unit length * of the electron travorsi-g 
the region occupied by the standing wavc-s, 

.    Avhr-c4 d(r(7i) 
w*> f    c/n (i) 

where « is the photon number density, üJ is the 
angular frequency, y is the spectral width of 
the electromagnetic radiation, v is the electron 
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velocity, andf/cr(ji)/dn is the Thomson differ- 
ential cross section for backscatter of a pho- 
ton by a free electron. Although the original 
analysis and all of the subsequent references 
have been concerned explicitly with electrons, 
it is of considerable interest to note fi.at the 
same analysis applies regardless of the nature 
of the incident particle.  Equation (1) remains 
valid provided only that rfa(»)dn be interpreted 
as the differential cross section for backscat- 
ter of a photon from the particle In question. 

Dirac and Kapitza regard the "tanding wave 
as a superposition of two traveling waves. The 
essence of their analysis is then the computa- 
tion of the stimulated backscatter rate, viz., 
that corresponding to scattering a traveling- 
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 proportioa- 
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 satlsUed, i.e., the particle must be in- 
cident at an angle Og relative to the direction 
normal to the photon-propagation vector. The 
Bragg angle is given by BB=tiu/Mcv, where 
M is the particle mass. The particle is deflect- 
ed through an angle 26%; however, if the Bragg 
condition Is not satisfied,' there id essential- 
ly no scattering. 

As an illustration of the magnitude of the ef- 
fects, lei us consider the scattering of a neu- 
tral atom of atomic mass of about 20 and kinet- 
ic energy of 1 eV. We shall choose the radi- 
ation frequency to be that appropriate to a ru- 
by laser (w sirxio" eec-1), a power density 

of one megawatt per cm', and a tymical cavity 
loss rate y of Itf* sec"1.  For the back-scatter- 
ing cross section, do{i)/dn, we choose a typ- 
ical value of 10~M cm* corresponding to Ray- 
leigh scattering.  It should be observed, how- 
es'Ci\ that da/dü for atoms is strongly frequen- 
cy dependent, and at or near resonances can 
be many orders of magnitude larger than the 
value for Rayleigh scattering.   For the numbers 
we have chosen, the deflection angle is quite 
small, namely, 20B=2XIO-

5
 rad.  However, 

the interaction is quite strong; the scattering 
probability per unit length is fc = C.2 cm"1, and, 
as we have just indicated, it can be enormous- 
ly greater near a resonance. This strong 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 W-photon scat- 
tering process occurring in free space there 
corresponds an tf-photon stimulated scattering 
process for which the Bragg angle isNtiw/Mcv, 
the scattering angle is 2NMw/Mcv, and the scat- 
tering probability per unit length is proportion- 
al to the 2Nth power of the photon density nZN. 

•?. L. Kapital and P. A. M. Dirac, Proc. Cambridge, 
Phil. Soc. 29, 297 (1933). 

*A. 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. Schwartz, 
H. A. T^urtelleotte, and W. W, Garetner, Bull. Am. 
Phys. Soc. 10, 1129 (1965); L. S. Bartell and H. Brad- 
ford Thompson, PhysicB of Quantum Elcctrontcs. edit- 
ed by P. L. KelleyTß. Lax, and P. E. Tannenwald (Mc- 
G.-aw-Hlll Book Company, Inc., New York, 1966), 
p. 129; H. Schwartz, in Proceedings of the Internation- 
al Conference on Quantum Electronics, Phoenix, April 
1966 (unpublished), post deadline paper. 

'P. A. M. Dirac, Quantum Mechanics (Oxford Univer- 
sity Press, London, 1947), 3rd ed., Chap. 10, p. 232. 
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III. He-Ne PLASMA OSCILLATOR AND REGENERATIVP. AMPLIFIER 

While several Hi-Mi gas laser? were being placed in operation, plasma 

oscillations in the frequency range from 200 kHz to 430 kHz were encountered 

whose frequency could be changed by extc?'nal conditions. This new type 

of gas plasma oscillation was investigated in a He-Ne plasma. The fre- 

quency and the amplitude of these oscillations depends essentially on the 

external capacitor connected to the ends of the plasma tube and on the 

current of the discharge. Many spontaneous 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 control 

whereas in this experiment all the parameters are easily controlled. 

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

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



ERRATUM 

Hc-Ne plasma oscillator and regenerative ainplifier, 
J.P.Biscar, Thysics Letter» Ü OSSO) 430 

The headius of this letter should read: 

He-Ne plasma oscillator and regenerative amrlificr * 

J. P. Biscar t, R. Bnuinstcin md D. Petrac 
DepaHmcnl of Physics, university. o/CaJifomio 

at Los Angeles, CoUfornia 

• This research is part of Project Defender Contract Konr 
233(93), from the Office of Naval Research   the Advanced 
Project Agency, and the Department of Defense, of the Un.ted 
States of America. ,. " • 

, C.N.R.S. and NATO Fellow. 
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c^e r  - 132 Mc/s. Flg. Iß (5 nsee/div; is a bent wer level and the aHgülar position oJ üio concave 
display correspond   ; to !'0 for the TF,M00 trans- mirror. 
verso modo. (The v-ppet curve 1A is ths^'d-irk" It is noted ti ai in addition to thy ab ive fro- 
displav obtained bv merely covering (he ohotomul- qa^acieb one gets some times the froquencies 
tiplier}. Pig. 1C (5 nseo/divj is a tlisplf,: oi v corresponding to (1 -f) i>], .1 ^ i>M'l. d +/) ''l. 
«nd 2!'o combined, also for the TEM00. The p're- (2 H 0) rj, .-rd (? - f) i^ ^vlere r, ■• 128 Mc^s. 
sence of 2vü (which is obtained by increasing ths The signiiicancc and meaulrj of fj is being 
driving power level) Is an uidica ion studied and a more detailed account of ti.t pre 
tanea-as oscillation of at least three longiludinzi seid research will be published in a forthcomi;,, 
modes. Tlie frequency response of the photomul- publication. 
tiplier falls off amjnd'350 Mc/s. For that reason 
3^ was not observed. Upon transition to higher The author is indebted to Drs. P.A.Forsylh 
transverse modes (i.e. changing w+fi in eq.(l)   ■ and R.Mitalas fos reading the manuscript and to 
heat ireciucncicG corresponding to A (;;;-;.) ^.0 Mr. W.Heinrich ton skillful technlcsl assistance. 
were observed. Curves Ö, E, F in fie. 1 are the Tills work was supported by grants from NRC 
examples of the disnlavs eorresponding to and DRB of Canada. 
lt(0./) ^28 Mc/s (ID), f0(l+/j =160 Mc/s (IE), 
,^(1 ./) = iOl Mc/s (IF). In a first attempt fre- 
qvtsncie? corresponding to (0+/) y0, (Ö + 2/) y0, References » 
(1-/) io- (1+0) i/0,(i-i/) lb,  (2-0) i'Ö! and ^ Gj^yy.^.o:^ Phyg.Rev. 143 {1S66) 597. 
(2+,0 i'0 were observed. It sh.uldbe re-.cd thst ,_ O.D.Eeyd ar-d H.KogcImk, Bell Systero Teth.J,43 
the various frequencies are obtained as "clean" (ios2) 1347. 
displays by cuitably varying both the driving po- 3. j.P.Coldaborough, Applied Optics 3 (1964) 207, 

» * « * * 

He-Nc   PLASMA OSCILLATOR  AND  REGENERATIVE  AMPLIFIER 

J.P.BISCAK 
Deparhneni of Physics, University of California at Los Angeles, 

CoUj'uruia 

Beeeived 11 July 1066 

A now typo of &ns plasma osclilationa in reported, obtained by shunttog the ptasma with p.n external capa- 
citor. This conrisuiation ein work as an esoiliator dr as a regenerative o.nplif.er. 

This letter reports the conditions and the main former instabilities depend on plasma internal 
data of peculiar plasma oscillations. The freeuen- conditioa«? and are a1-o difficult to control whore- 
cy and the amplitude of these osciUatior^ depend as in this experiment ell the parameters are 
essentially on the external capacitor connected to easily controlled. 
the ends o'f the plasma tube aiid on the current of . The experiment is carried out with a plasma 
the discharge. Many spontaneous oscillations have obtained tlirough a d.C. discharge in a Lube GO cm 
been reported [1-2]"on c'-'.rect current glow dis- length and 5 mm in diameter. The tube Is filled 
charges in noble gases, and in the froq iency with a 5:1 (by pressure) helium neon gas mlüturs 
range lower than 50 kHz. As Donahue and Dieke to a total pressure of 1.22 Torr. A resistor of 
[2] have demonstrated, moving strlations are al- 60 kO is always used as ballast. The plasma us- 
most always present in d.c. discharge, and they cillations arc detected with a very light electro- 
have been studied [3-5]. Ion sound waves in plas- static coupling to the plasma ür a 10 MJ2 probe 
mas have boon reported too [6-7] and also ur.e::- and arc displayed in an oscilloscope, 
plained waves [0] in r.f. discharge. All of these The plasma obtained under these cwlilioas 

430 
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Fig. 1, Current (r-nd voltago) threshold versus external 
espneitor C, 

has a linear negative chp.rActeristic between C and 
22 niA. However, any type of oscillant circuit 
shunted by this clement of negative resistor can- 
not osciHate, 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 frequency lower than 
50 KHz, similar to the oscillations reported by 
Donahue [2]. 

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

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

The output is always perfectly sinusoidal and, 
after some thormalisation, is stable in amplitude. 
The frequency stability is A///'* 3 X lO"4. 

An important point, is that, for a given value 
of the external capacitor, these oscillations start 
at a very precise voltage or current threshold. 
For example, using a power supply oi 3000 volt, 
the precision of this threshold is about one volt, 
demonstrating that the negative characteristic 
docs 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 these 
oscillations increases linearly. (They can also 
produce some output power and if they become 
too great they can extinguish the plasma). How- 
ever, the control of their amplitude is made by 
the set voltage of the power supply. 

The frequency also depends on the cxtcnul 
conditions. With the same plasma tube one cun 
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.f. generator to the plasma tube 
(in the opposite side of the output). The set volt- 
age must be adjusted at the beginning of the proper 
oscillations at the frequency f0. By changing the 
frequency of the external generator, one sees a 
great maximum for the precise frequency/0 of 
the plasma oscillator. It is difficult to know the 
exact input in the plasma, because of the extre- 
mely light coupling. However, a gain superior to 
20 dB was found with a band pass of 4 kHz. 

A longitudinal magnetic field decreases lin- 
early the amplitude of the oscillations, whereas 
a transverse magnetic field increases them. The 
force behind these plasma instaoilitics 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. MÜLTI-PHOTON ABSORPTION 

Calculations have shorn  that the double-photon absorption cross- 

sections in a number of III-V semiconductors is sufficiently large to 

set an intrinsic upper limit to the power density that can be propagated 

through such media using presently available lasers. In addition, it 

should be possible to observe double-photon stimulated emission 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 enable 

one to fashion nonlinear optical power limiters. 

The f?ct that these compounds have been used as laser sources further 

dictated the desiral-i'ity 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 double-photon stimulated emission cross-sections in the case 

of a population inversion and so obtain coherent emission 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 accov  the parity of the virtual transitions. However, 

application oC       s theory to allowed-forbiddcn two photon absorption in 

a two-band rod   reveals simple generalizations regarding the underlying 

band paramete}   -ich determine the cross-sections for all the III-V and 

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

aBm^oHttemm 



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. 



Saturable Transmission by Multiphoton Absorption in Semiconductors* 

■i" 

R, Braunstein 

Department of Physics 

University of California at Los Angeles, California 

Multiphoton absorption can set an intrinsic upper li lit 

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. 

---■--■■■■:-----; ■-'--■- ■ 



Recent measurements of double-photon absorption in a number of 

12    3    4 5       4 
semiconductors such as CdS, ' GaAs, Pble, ' and InSb have shown 

that the theory ' 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 multiphoton absorption 

mechanism can serve as an efficient agent for multiphoton optical 

3 5 7 
pumping of semiconductor lasers, ' * set an intrinsic upper limit to 

the power density obtainable from semiconductor lasers, or enable one 

to fashion nonlinear optical power liraiters. 

The previous theory, ' 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 determine 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 theory1,6, it can be easily shown that the double photon 

absorption coefficient for a two-band model is given by: 



where ilw, and "hu- are the photon energies, n. and n« are the 

indices of refraction for photon one and two respectively, E  is the 

energy gap, a  and a  are the inverse effective masses of the 

conduction and valence bands, and |Pvc|  is the square of the momentum 

matrix element for the inter-band transition. This expression is 

essentially similar to that previously obtained 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 t 

which vanishes at an extreme and is equal to the group velocity times 

8 the free electron mass. 

In order to evaluate the above expression for a specific substance, 
2 

a knowledge of ac, a , Eg and |Pvc|  is necessary. However, it 

"*■■*■ 9 
can be shown, using K»p perturbation theory, that the valence and 

conduction band effective masses at k=o can be accounted for by 
2 in 

assuming that |Pvc|  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 Itu. and "hw» are approximately equal to Eg , one obtains 

T, -   . ; i_y • —,., crn. Sac . 

•^^WllmaMPkMSÜimmmm   IMII im ■■■I l^»ii»i»äiiiMitlw. TT"- —-— 



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

by 1c »p theory as 

<*«. -  ^c "  ^ T|fW*.| ( ^ T eyt~*l (3) 

where A is the spin-orbit splitting at t-o .    Using the experimentally 

determined values10 of a    ,    E , and A or the calculated values 
C     6 

of a  from equation (3), and assuming av=l , explicit values for the 

double-photon absorption cross-sections from equation (2) can be 

calculated. The values a-    for some representative compounds are shown 

i  in Table I. It is seen that a2   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 state. In fact, it is necessary to sum 

over all possible intermediate states; consequently, this calculation 

represents a lower bound for O2 • 

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: 

^.p  =  _ ^F^ _ ^ p-»-^ (4) 

2 
ts 01 cm 

4. 

where a.  , is the linear absorption cross-section in units of cm , 

a     is the double-photon absorption cross-section in cm sec, Nj and 

N  are the density of centers responsible for the single and double- 
2 2 

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

^^^^T^—rpT^iTagBBBEn 



We shall assume that N, and N2 are independent of F , i.e., the 

lifetime for recombination to the fround state is short compared to 

duration of the light pulse. For a plain parallel state of thickness 

r and neglecting reflection losses, the transmission - V/?0   is 

given for: 

Plane: 

«■. N, A, 

€*f (^N.^fc.^A, 4.^N->AF«| -^.Hi'^c 
(5) 

Similar results can be obtained for spherical and cylindrical geometry 

where for simplicity we neglect Oj in these cases: 

F - 
Spherical:  p  _ (6) 

JF. - 
Cylindrical: p 

\ 

A.» 

(7) 

It is seen from equations (5), (6), (7), that for high incident intensi- 

ties the transmission saturates for all geometries. 

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 a^r Fo , the quadratic 

loss process becomes dominant and the transmission ultimately saturates, 

showing that there is an intrinsic upper limit to the power density 
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that can be transmitted for a nmltiphoton process. It should be noted 

that only the linear absorption process yields an exponential fall-off 

of the intensity v'th distance, while the quadratic and higher order 

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 

double-photon process will become dominant in semiconductors. Although 

semiconductors injection lasers have less power output compared to most 

optically pumped solid state lasers, they are relatively small area 

devices so the flux per unit area are still quite high at the emitting 

junctions. Furthermore, the emitted frequencies lie slightly below the 

band-gap, satisfying the threshold conditions for double-photon absorption. 

Considering a GaAs diode of length 0.1 cm and using 0- , the intrinsic 
9      2 

upper limit to the power output from GaAs should not exceed 10 watts/cm ; 
11 12 

similar results were obtained for GaAs  using a theory of Keldysh 

even if an electron-hole pair created by double-photon absorption 

subsequently recombines and re-emits a photon, two quanta will be 

annihilated to produce one subsequently re-emitted quantum. Since 

a2 ^ 1/E '  , 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 circumvent the double-photon loss mechanism. 

The fact that double-photon absorption is proportional to the 

product of the intensity and length of path in the medium, indicates that 

it is an effective means of volume generation of electron-hole pairs to 

induce laser action as opposed to single-quanta pumping of semiconductors 



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

7    3    5 
conductors as was experimentally demonstrated for CdS , GaAs , PbTe". 

The results of the above calculation show that the appropriate semi- 

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 

transmitted 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 and 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. 

^V^JSCT^-^-^Ä.-- 
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Figure Captions 

Figure 1. Tranmission law for a medium with linear and quadratic losses 

simultaneously present. 
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Table I 

Band parameters and calculated double-photon absorption cross-sections. 

GoAs InP InAs "   InSb            i 

1 E«-ev 
1.53 1.34 0.45 0-25          | 

•0c- 13.3 15.2 38.5 65.5            j 

|    A  - 0.33 0.24 0.43 0.84 

|    e2 - cra4sec 2.8 x 10*49 3.7 x 10'49 4.0 x 10"4S 1.4 xlO'47 

* ~-:.-r~,'iJ:   ',>-- Vf • *"  ■ ---■--—if!"--; 
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V.  DOUBLE-PHOTON 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 neodymium blass laser 

(hw =1.17 ev). The fluorescence excitc-d by the 1.17 ev photons absorbed 

o 
in GaAs centered at 8.365 A. The sample of GaAs was a rectangular slab 

5 mm x 5 mm x 9 mm with end surfaces polished flat to form a plane-parallel 

cavity and was directly immersed in liquid nitrogen. The unfocused laser 

beam was incident normal to "he polislied faces and longitudinal to th.e long 

direction of the sample. An incident power densities of SO megawatts/cm , 

o o 
the line narrowed to < 10 A at 8365 A and yielded a power output of one 

megawatt/cm ; this beam seemed to have very little divergence. These 

manifestations indicated that we were obtaining double-photon pumping and 

subsequent laser action in GaAs. At these power levels excitation was 

probably occurring throughout the volune of the sample through which the 

laser beam was passing. The incident neodymium laser pulse width was 

o 
~ 40 nsec, while the output pulse at 8365 A from GaAs was < 40 nsec. wide. 

The photoconductivity of the GaAs sample was measured as a function 

of incident intensity. This was evidence that a double-photon absorption 

was the exciting mechanism; this alone is not conclusive evidence for 

double-photon absorption since the lifetime of the generated carriers can 

be a function of incident intensity. However, the superlinearity of the 

flourcsence and evidence of laser action induced by photons of energy 

•Jiw = 1.17 ev in a material of Eg « 1.51 ev aro all good circumstantial evid- 

ence for double-photon pumping. 

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

was decided to concentrate effort in the direction of trying to observe 
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double-photon stimulated emission at the difference frequency 

1.51 ev - 1.17 ev - 0.34 ev. It was also decided to turn our attention 

to the uso of stimulated Raman lines produced in benzene so ar. to obtain 

pairs of convenient lines, one for single quanta 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 in some detail, before returning 

to the problem rp double-photon stimulated emission. 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 

set-up used in these investigations a more detailed description will now 

be presented. 

Experimental Conditions 

To perform the present research, an unfocused output from a giant pulse 

ruoy  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 joules pulse with a 25 nanosecond half-width. Inclusion of a sapphire 

mode selector in the cavity insured a single longitudinal mode output. The 

cavity is generally 50 cm. long. For the present experiment, •e 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, terminated 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 150C and 40oC. At each temperature sett- 

ing, a very long time was allowed to elapse so as to attain thermal 

uniformity throughout the cell. Even at uniform temperatures, the 
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laser shots were separated by an interval of two minutes for absolute 

reproducibility (a lot of molecules, broken by the laser filaments, 

must be removed by dilution). However, the temperature wasn't 

measured directly inside the benzene, but in the water jacket. There 

could be a „light difference between these values. 

The normal optical setup is shown in Figure 7A for the detection 
o 

of the 8,050 A and 1.07y lines. The fluorescence of the filters 

(7-56 or 7-69) was avoided by using part of the beam reflected by a 

concave glass reflector, which is the equivalent of a neutral density 

filter of 2.0. Aduitionally, Lhu dispersion of uie quartz prism gave 

us the possibility of focusing the laser and all of the anti-Stokes 

lines far form the slit of the monochromator, where the line of interest 

was focused. This technique improves the performance of the inonochro- 

mator, which has a scattered light value of 10~'. 

The monochromator is a vacuum model Jarrell-Ash and it is 

absolutely light tight. In the output of the monochromator, we urcd 

two different detectors: an RCA 73 02 photomultiplicr or an SD-100 

photodiodc (for maximum time resolution). The coupling from the 

photomultiplicr to a 95 ohm cable is made by a transistorized total 

feedback, high impedance, and low capacitance input element. A 

Tektronix 547 oscilloscope, triggered by the laser pulse, is use. to 

display the output signal. 

To be sure that possible temperature dependent effects on the 

stimulated Raman lines arc not due to some interferential pattern of 

the cell output, we have been using a large area detector (Photomulti- 

plicr 7102) in the configuration shown in Figure 7C, both close to and 
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far from the: output of the cell. The results were the same. 

The photoJiode has been used, in the configuration shown in 

Figure 7B, for maximiuu time resolution. 
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A NEW  MULTIPHONON STIMULATED RAMAN  LINE   IN  BENZENE 

J. P. BISCAR, R. BRAUNSTEIN and S. GRATCH 
Department of Physics. Uniicisily of California at Los Angeles. 

California. USA 

Received 21 August 19G7 

A new multiphonon stimulated Raman line at 1.07/i in benzene is reported. Its critical power is about 100 
MVV cnr2. 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 1.07/i 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 Q-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"^ phonon is 
around 15 MW/cm2. At higher laser power, a 
new stimulated Raman line appears at 1.07u. In- 
volved in this line, together with the laser photon 
of 6 943 A, are two phonons of 992 cm-l and one 
phonon of 3 064 cm-l. The main characteristic of 
this line is that the laser threshold power is as 
high as 130 MW/cm2. 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. 
If 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 research is part of Project Defender Contract 
NONR-233(03) from the Office of Naval Research, the 
Advanced Projects \gency ami the Department of 
Defense of the United Stales of America. 

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 nominal gain CQ{^,T) and a 

220 

Fig. 1. Semi-log plot of the stimulated Raman line 
(1.07/.I) output power versus incident ruby laser power 

density. 
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feedback ß, the total gain of the medium is 

G(x,r) = Go(A,r)[i.^Go(x,T)]-i,     (i) 

For 1-/3G0{A, '/^O, we have a regenerative Ra- 
man amplifier. The threshold for the amplifier 
to become a Raman oscillator is l-,3Go(X, 7'HO. 

In a simplified approach we can say that the 
nominal gain C0{X, T) of a Raman cell is propor- 
tional to: the laser power density P, the length 
of the cell, /, 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 ß is expressed as ^ = Dl, 
since the probability for a photcn to stimulate 
another one is proporlional to the distance it 
travels in the active medium. The threshold con- 
dition gives the threshold power {l\h) of the stim- 
ulated Raman effect in the cell and we have; 

P\h(*j) * iABFfr.T))* I 
I 

(2) 

Since for an infinite length cell, the onset of the 
stimulated Raman, as opposed to the normal Ra- 
man, needs a critical power density (Per) ^0T ^e 
threshold, the last expression should be com- 
pleted as follows: 

P\h(K r) = Plt{K) f tAmX• Trf l'X-      (3) 

Each stimulated Raman line may have a differ- 
ent critical power depending on the exact mecha- 
nism taking place inside of the molecule. The 
1.07/t line has a very high critical power density 
(about 100 MW/cm2). Eq. (3) is the type of rela- 
tion verified by Wang [6]. Kelly's equation [5] for 
self-focusing is similar to cq. (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 

GfX, T) 
_APl_ F(\,T) 

\-ABPl2 F{X,T) 
(4) 

For constant laser power density and varying 
cell length, data [10] fit expression [4] better 
than the exponential gain dependence reported 
[10]. 

Above the threshold, the stimulated Raman 
output, (f, can be calculated Hking into account 
the stimulation effect. For a uniform laser power 
density/', in a cell of length /, S being the stim- 
ulation coefficient, o relating the laser power to 
the density of particles in excited stales and 
being a constant depending upon units, the stim- 
ulated Raman output is given by 

H'= A'exp(ö.S/'/) (5) 

Fig. 1 shows a semi-log plot of the output of 
the 1.07;i lino vs. laser power; a straight line be- 
tween 130 MW/cm2 (threshold) and 210 MW/'cm2 

is obtained, indicating that the output of this line 
is controlled by the light feedback above the 
threshold. 

The stimulated Raman output, and threshold, 
and even the regenerative amplifier, arc better 
understood in terms of a feedback amplifying 
medium than in terms of self-fucusing for this 
line. Elsewhere, we will report on the temper- 
ature behavior of the stimulated Raman lines of 
benzene and the associated 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 Physios, University of California, Los Angeles, California 

(Received 5 September 1967) 

The cyclic temperature dependence of two stimulated Raman lines of benzene Is report- 
ed. These data are inconsistent with the self-focusing theory for the anomalous gain. 

We report an unprecedented cyclic temper- 
ature dependence of the 1.07-/1 and the 8050- 
A stimulated Raman lines in benzene.  The 
1.07-/X is a Stokes line, previously reported,1 

which is created by the interaction of the par- 
allel ruby laser beam with two phonons of 992 
era"1, and one phonon of 3064 cm-1.  The 8050- 
Ä is the second Stokes line of the 992-cm_1. 
Figure 1 shows the characteristic cyclic tem- 
perature dependence of the aforementioned 
lines. 

An unfocused beam of a single-mode Q-switched 
ruby laser was used in these experiments. 
The laser-beam diameter was 4.2 ram.  The 
67-cm-long Raman cell was terminated by two 
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FIG. 1.  (a) The relative intensity at 8050 Ä as a func- 
tion of the benzene cell temperature; incident power 
density at 6943 Ä is 70 MW/cm2. (b) The relative inten- 
sity at 1.07 n as & function of the benzene cell tempera- 
ture; incident power density at 6943 k is 140 MW/cm2. 

optically flat quartz windows.  A wa*er jack- 
et, surrounding the cell, enabled the setting 
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? Hjtector was attached. 

We summarize here the results for tyve two 
lines of benzene mentioned above.  The output 
at 8050 Ä shows a maiiraum between 25 and 
26^ and a minimum around 30oC. The inten- 
sity change between the maximum and minimum 
has been measured to be as high as fou. mag- 
nitudes.  The data of Fig. 1(a) were taken with 
a constant laser power density of 70 MW/cm8. 
Upon the increase of the laser power density 
up to 100 MW/cm2, 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/cm2, 
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 molecular mech- 
anism being responsible for the stimulated 
Raman generation.  A careful study of the 1.07- 
H line underlines this assertion.  Indeed, the 
1.07-fi 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/cm2, just above the thresh- 

890 
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old for this line.   Figure 1 shows tho cyclic 

temperature dependence of the intensity at 1.07 
ß, completely different from the curve of Fig, 
1(a) iii the amplitude, separation, and position 
of the maxima. 

The fundamental problem in understanding 
the stimulated Raman processes in liquids is 
to account for the anomalies in the observed 
gain for this process.   That the observed Ra- 
man gain is one or two orders of magnitude 
greater than the theoretical estimates2 obtained 
from spontaneous-Raman-scattrs ing data has 
led to a number of investigations by several 
groups2'5 with several proposed explanations 
for this discrepancy.   It was first suggested 
that the anomalous gain might bo the result 
of the multimode structure6"8 of the laser pump- 
ing beam.  However, experiments2 with a sin- 
gle-mode laser beam still revealed the pres- 
ence of anomalous gain.   Experiments1' have 
shown the presence of high-intensity filaments 
during the propagation Oi a lajer beam through 
Raman-active liquids.   The formation of such 
filaments by the self-focusing10'11 of the laser 
beam is believed to be responsible for the low- 
ering of the threshold for stimulated Raman 
emission.12 Since the stimulated Raman emis- 
sion takes place only after the laser beam has 
traveled some distance in the medium, Kelley13 

proposed that there is a self-focusing distance. 
The experiments of Wang14 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 Ranuji 
emission are determined by the changes in 
the structure of the laser beam due to self- 
locusing11"14 or other beam deterioration in- 
teractions15 rather than the value of the Raman 
susceptibilities. 

The following salient features of the pres - 
ent experiments seem to be inconsistent with 
the self-focusing explanation for the anoma- 
lous gain in Raman oscillators: 

(1) We have found the threshold power of 
the 8050-Ä line to be about 15 MW/cm2 at 25°C, 

while even with filaments existing, the 1.07- 

H lino has a power threshold1 of at Last 130 

MW/cm*. 
(2) Even with ^n input power density of 70 

MW/cm2, the condition at which the data of 
Fig. 1(a) were taken, there is no stimulated 
Raman output at 20 and 30oC, while the 1.07- 
ß data of Fig. 1(b) show a minimum at a dif- 
ferent temperature. 

It is clear that each of these temperature 
dependences reflects a precise molecular be- 
havior of the benzene molecule k / each of these 
lines.   It is impossible to include such differ- 
ent .jmperature behaviors on the self-focus- 
ing capabilities of ben/cne since its governing 
equation must be unique. 

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

*This research was supported by tho U.S. Office of 
Naval Research under Contract No. NO;\TR-233(ö3). 
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FINE  STRUCTURE   PERIOD  OF  THE  THE RMO-S PECTRUM  OF 
THE  STIMULATED  RAMAN  8050Ä LINE  IN  BENZENE * 

J. P. BISCAR, R. BRAUNSTEIN and S. GRATCH 
Department of Physics, University of California, 

Los Angeles, California, USA 

Received 12 August 1968 

A fine structure of 2.?0C period on the thenno-spestrum of the 8050 A stin.uialed Raman output in ben- 
zene is reported, in addition to the previously reported large period. 

We have previously reported evidence of a 
cyclic •emperature dependence of the stimulated 
Stokes lines of benzene [1]. In that report it was 
shown that the E050 A output which is tne Stokes 
line of the ruby laser and 2 X 992 cirri phonons, 
had a large period of about 80C. The 1.07 ß mul- 
ti-phonon Stokes [2] **, output which involves, in 
addition to the aforementioned phonons, the 3064 
cm'l phonon of benzene, had a 2.70C period in 
the region of 20oC [1]. In another investigation, 
the output of the stimulated infrared emission 
from optical phonons as a function of the temper- 
ature of benzene again showed a peak at 250-260C 
and another at 170C indicafing that this large per- 
iod is associated with t:    ? x 992 cm"1 optical 
phonons [3]. Now, having refined our experimen- 
tal arrangement, we have f^md evidence of a 
shorter periodicity of 2.20C on the 8050 A output, 
in addition to the previously reported large per- 
iod. 

The experimental setup was the same as in 
ref. 1 except that the laser stability had been im- 
proved to be belter than 2%, and the addition of a 
precision temperature control unit which allowed 
the rate of temperature 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 degree 
centrigrade every six minutes. The laser shots 
were separated by two minute intervals, that is 
0.3OC. 

If we assume the period is proportional to 

• This research was supported by the U. S. Office of 
Naval Research under Contract" No. NONR-233(93). 

** In ref. 2 a minus si^n has been omitted in eqs. (2) 
and (3), they should read 

p|h(Xtr)=^Bf(X,D]4ri (2) 

py\,Ti=plt*lABFfr,T)]-U-l (3) 

wavelength, a linear extrapolation of the 1.07 ß 
output temperature period gives 2.180C 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 2.10C 
to 2.20C, 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 
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temperature in benzene, cell length: 38 cm; laser pow 
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line of about 5 x lO^1 on the scale of relative am- 
plitude and a temperature dependent output from 
5 X lO6 to about b x- 10a. The temperature behav- 
ior could be • 'owed as the manifestation of a re- 
generative amplifier with the constant Stokes 
power as its input. In the range uf our investiga- 
tion the line shape of the thermo-spectrum de- 
pends upon the total gain of the regenerative am- 
plifier [2], while the position of the peak depends 
only on the temperature dependent mechanism 
takinp, place in the molecule of benzene. In this 
experiment the maximum of the total gain was 
estv. i.ated from the experimental data to be of the 
order of 100. 

In order to observe the present temperature 
dependent phenomenon, it is absolutely necessary 
to maintain amplifier below saturation. Thus al- 
ter choosing the ruby pumping power density 
(60 MW/cm* in this case) we still have the possi- 
bility of reducing tiie cell length, decreasing at 
the same time the Stokes input level and the gain 
of the amplifier. In this experiment, the cell 
length was reduced to 38 cm (as compared to 
larger lengths in previous work [1,3]. If one in- 
creases the cell length, all the other par   netcrs 
being the same, the temperature variation of the 
output is drastically reduced, or annihilated, by 

saturation effects. In the low gain regime, as for 
the 1.07 ;;, line [1] and especially the 5 n line {3j 
the temperature dcpcnduitl phenomenon was ob- 
served even though the cell was 80 cm long. 

The present observation of a fine structure 
period of 2.20C on the thermo-spectrum of the 
8050 A (laser - 2 X 992 enr 1) stimulated K'ia.ni 
line in benzene, in addif n to the large period of 
8QC1 as well as the previously observed period 
of 2.70C for the 1.07 ß (laser"- 2 x 902 cm-1 
- 306-i cur1) line further indicates that a pre- 
cise molecular mechanism is responsible for the 
thermo-spectrum. 
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1. J.P. Blscnr. R.Brarnstein ami S.Gratch. Phys. 

Rev, Letters 19 (19G7) 890. 
2. J. I'.Hisc-ar. R.Braunstein ami S.Gratch.  I'hys. 

Letters i.'i.A (IHU") 127. 
3. J.P.Biscar. Pi.Braunstein and S.Gratch.  Phys. 

Rev. Letters 21 (1968) 195. 

***** 

637 



Volume 2, number 7 CIIKMICAL PHYSICS LETTERS . 'iiituT UKiS 

DOUBLED  THKRMO-SPECTRUM 

OF  THE   80r.O   A STIMULATED  RAMAN   LINE  IN  BENZENE * 

J. P. B1SCAR, R. BRAUNSTEIN and S. GRATCH 
Department of Physics, University of California at Los Angeles. VSA 

Received 20 August IMiS 

A doubled thermo-spoetmtn of the 8050 Ä stimulated Unman output in benzene is reported. The ob- 
served doubled period of 2.20C indicates that a specific molecular interaelion is responsible for the cy. 
clic temperature dependence of the stimulated Raman output. 

We have previously shown fl] that the 8050 A 
(laser-2x992 cm"1) stimulated Raman line of 
benzene exhibits a cyclic temperature dependen- 
cy with a peak at 25° - 26° in its thcrmo-spec- 
trum. The thermo-spectrum of the stimulated 
emission output at 5M (2x992 cm-1) fnm optical 
phonons has shown the same peak [2]: consequent- 
ly it appears that the 2 x 992 cm"1 optical pho- 
nons are responsible for this peak. Further in- 
vestigation [3] of the thermo-spectrum of the 
8050 A line revealed a fine structure period of 
the order of a 2.20C. Even though a fine period 
can be clearly distinguished in this previous 
work [3] it appeared that either there was too 
much scatter in the data or that there was even 
more detail which would be revealed with a higher 
temperature resolution. The present work has in- 
deed revealed a doubled period of 2.20C of the 
8050 A line. 

The general experimental setup used in this 
work was the same as in ref. [1]. The call length 
was 38 cm and the ruby laser Dumping power den- 
sity had a stability of better than 2%. The temper- 
ature of the benzene cell was raised at a constant 
speed by equidistant steps of 0.025oC. Tne laser 
shots were separa* ^d by two minute intervals. As 
usual in our technique of thermo-speclrometry, 
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 cm"2 and an 0.3oC temperature 

• This research was supported by the U.S. Office <;f Na- 
val Research under Contract No. NONH-233(93). 

interval. The data of fig. 2 were obtained with an 
80 MW cm"^ pump power density and an 0.2oC 
interval   One can distinguish a 2.20C period in the 
data of fig. 1 with some scatter or possibly par- 
tially resolved lines. The spectrum of fig. 2 looks 
much more complicated than the 2.20C 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 seems we are now 
getting, under these experimental conditions, a 
doubled spectrum. At the same time, the deeper 
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minima at 210C and 280C look very familiar since 
it is exactly there that the minima [1, 2] of the 
2 X 992 cm"^ emission occur, independent of cell 
length and laser power. The loss of periodicity in 
the intensity of the spectrum between 21° and 230C 
in fig. 2 is due to an accidental temperature back- 
lash of 0.5oC that disturbed the temperature ho- 
mogeneity. 

For the 1.07 ;i multiphonon stimulated Stokes 
line [4], we found a period of 2.70C in the 20oC 
region. It is interesting to note that the three 
peaks of the 1.07M (laser-2x992-3004 cm'1) re- 
ported in ref. [I] are in good periodical position 
if one assumes that two peaks arc missing in the 
250C region where the maximum of the strong 
2 X 992 cm"^ mode [1,2] occurs. It appears that 
the period of the 2 x 992 cm"l line manifests it- 
self even in the 1.07fi line by suppression of the 
expected peaks at 250C and 170C. 

So far, the thermo-spectrum of benzene at dif- 

ferent wavelengths follows a consistent pattern. 
The different temperature periods have been: 
2.70C at 1.07M, 2.20C at 8050 Ä, and 2.0oC at 
7450 A [5], with no detectable dispersion o[ the 
successive peaks within our experimental preci- 
sion, in the temperature range of these experi- 
ments; however, there is some dispersion for the 
7° to 80C period of the 5^ [2]. These periods arc 
defined between 20° and 30bC, below 20oC there 
is an increase of the thermo-pcriod. 

The results of these experiments 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 generated in each molecule interacts 
with electrons in t  3 benzene bonds and modulates 
the density of the ^-electron streamers. The hy- 
drogen-carbon vibrations (S^u-l cm"^) in the piano 
of the mok -eems to be less efficient than the 
carbon-carbon vibrations (2x9ö2 cm"^) in this 
process; the higher critical power [4] of the 1.07u 
line is an argument for the less efficient interac- 
tion of the 3064 cm"* phonons. 

The observation of a doubled thermo-spectrum 
of the 8050 A line in benzene leads us to believe 
that the overtone on the thermo-spectrum of this 
Stokes line is associated with a very precise mo- 
lecular mechanism. It could be a new type of mo- 
lecular orbital electronic resonance. We have 
chosen benzene in our investigation because of the 
symmetry of the molecule and the known overlap- 
ping of the »r-orbitals. One would expect to see a 
themo-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.   Infrared fiuission fron Coherently Driven Optical Phonons 

A f;reat many of tiie studies of stimulated Raman scatt;nng have 

been concerned with the anomalies associated with sucli parameters as the 

Raman gain, the anti-Stokes and Stokes emission angles, the importance 

of regeneration and the ratio of ^'ward to backward output. The practi- 

cal application of the process has' been as a source of intense, pulsed 

monochromatic radiation over a wide range of wavelengths derivable from 

a single laser 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 exploited. The existence 

of such intense sources of coherent optical phonons leads one to con- 

sider their utilization in a number of subsidiary interactions. The 

possibility of observing infrared emission from these coherently driven 

optical phonons has been discussed at various tines in the literature. 

However, up to the present work no experimental observation of this 

effect had been reported. 

One may consider the process of the emission of infrared radiation 

from optical phonons as a parametric interaction in which the laser fre- 

quency serves as the pump, the Raman scattered frequency as the idler 

and the generated difference frequency as the signal. Since the stimu- 

lated Raman scattering results in a highly efficient conversion of laser 

photons to Stokes photons, a high level of generation of optical phonons 

accompanies the process.  If the substance lacks a centcr-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 difference fre- 

quency can be satisfied- 

^rv;^:^. _^^=^^s^~B^W^ 



41 

Our previous work on the temperature dependence of the stimulated 

Raman output in benzene indicated that we were observing a parametric 

type or interaction where the phase matching was obtained by tempera- 

ture control of the Raman colls.  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 arc Raman- 

active but infrared-inactivi 

Accompanying the stimulated Raman process in benzene, infrared 

emission at 5 microns was observed and the variation of intensity with 

0 

temperature was measured. The thermospectrum of the 8050A stimulated 

Raman line, which involves a shift of 2 x 992 cm  from the laser fre- 

quency peaks at the sane temperature as the 5 micron line, indicating 

that both lines involve the 2 x 992 cm  plasma. 

The results of this work are described in the accompanying reprint 

in this section. 

Symmetry arguments indicate that the 992 cm  mode and its harmonic 

are Raman-active, but infrared-inactive and hence should not couple to 

the radiation field. However, benzene has a strong infrared absorption 

band at 1955 cm" , which is due to a combination of the 985 - and the 

970 cm" vibrations. The limited resolution of our detecting system pre- 

cluded the possibility of distinguishing between 1955 cm" and 1984 cm . 

The experimental arrangement for this work has been previously described 

in the section in the temperature behavior of the stimulated Raman 

thresholds. 

A point of considerable interest is the observation that the emisKion 

at 5 microns was obsci'ved despite the fact that the absorption coefficient 

is K ~ 40 cm" for this wavelength and for a cell 60 cm long one would 

normally expect self-absorption to obviate the observation of the radiation. 

L-J^g^gr*J^jaL'?;.v--liirija>-1..t. 1...t.L._tL-l.iT:.-. ■?..■ - 
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This would indeed have been the L.asc for spontaneous emission generated 

along the laser beam path. However, during stimulated Raman scattering 

coherent phonons are generated and by virtue of the temperature dependency 

of the above lines appropriate phase matching conditions are obtained. One 

might say we have established a condition of "induced transparency" 

engendered 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 

more appropriate choice would be one of the large band-gap III-V compounds. 

In single crystal material, it should be possible to obtain phase matching 

by appropriate orientation with respect to the crystal-axes. In addition 

it would be desireable to use appropriate independent pairs of probe beams 

to measure the dispersion of the generator infrared difference frequency, 

rather than depend upon the mixing between the laser and the Stokes fre- 

quency. 

The present work indicates that the utilization of the coherent phonons 

generated in the stimulated Raman process should be a fertile area of research. 

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. Cratch 
Department of Physics, University of California at Los Angeles, Los Angeles, 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-ti output, as a 
function of the temperature of the benzene, is the same as the large period of the ther- 
mospectrura 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 u by phonons from benzene ex- 
cited by a Q-switched laser.  The radiation ob- 
served corresponds to 1984 cm-1.  The carbon- 
carbon vibration in the plane of the molecule, 
992 cm-1, and its harmonic, 1984 cm-1, have 
been shown to be strongly active in second or- 
der1"' and multiphonon4 stimulated Raman gen- 
eration. 

The experiments were performed with a ruby 

laser Q 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-rcgvlat- 
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 
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and a sodium chloride cxi' window.   The infra- 
red radiation was separated from the laser and 
stimulated Itaman output by a sodium chloride 
prism, passed through a germanium filter, and 
was delected by a Hquid-heliam-cooled Ge:Hg 
detector.   The response time of the detector was 
about 500 nscc. 

The variation of intensity of the 5-Ai line as a 
function of the temperature of the liquid was 
measured.   Figure 1(a) shows the thermospec- 
trum of the 5-JJ line for a constant laser-pump- 
ing-powor density (90 MW cm^^).   As a compari- 
son, Tig. 1(b) shows the thermospectrum of the 
8050-A stimulated Stokes line of benzene taken 
at a slightly lower pump-power density (CO MW 
cm-2).   Both spectra show a peak at about 25- 
26^C.   In previous work,5 a similar therinospcc- 
trum 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-Ä line is over nur 
orders of magnitude when measured under prop- 
er conditions. 

In the second set of experiments, we used an 
80-cm long cell with an input window of quartz, 
but having a barium fluoride output 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 n.   The infrared radiation was fo- 
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FIG, 1.   (a) Relative stimulated infrared o-.Uput at ä JJ 
as function of the temperature of benzene. Coll Icnirth 
= G9 cm; laser power dc;isity= 90 MW rm""2.   (i>) Rela- 
tive stimulated Raman output tStokcs line, 8050 A> as a 
function of the tcrnpcratii'-c of benzene. Ceil length=09 
cm; laser power density = 60 MW cni~!. 

cused by a rotatable, 37-cm focal length, front- 
surface aluminum mirror through a germanium 
filter to a Ge:Au detector cooled to 05 K.   The 
range of the temperature control unit had been 
increased to check the validity of the amplitude 
increase below ?01C as seen in Pig. l(a),   It was 
necessary to use a higher laser power density 
(100 MW cm-2) to overcome the lower detectivi- 
ty of the Gc:Au detector. 

We again found the maximum of the 5-M line at 
250C, though broader (the same occurs in the ' 
thermospectrum of 8050 A at increased laser 
power density*).  We found, repeatedly, another 
peak at IV'C with another minimum at 13 C.   The 
8050-A Stokes line was found to have a similar 
structure just above its threshold.   In the ther- 
mospectrum of the 5-/u line, the amplitude of 
the IT'C peak is larger than that of the 25^ 
peak.  Similar behavior, i.e., larger amplitude 
at lower temperature, was noted for the 8050-A 
line especially on the runs to reveal a 2.20C-peri- 
od fine structurce together witii the aforemen- 
tioned large period. 

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.7"11 These proposals 
have considered the situation in which, under 
stimulated Raman scattering, large-amplitude 
coherent vibralions will be produced, and if 
these molecules have an electric dipole moment, 
Infrared radiation will be emitted at the vibra- 
tional frequencies. 

The idealize ! benzene molecule is nonpolar 
and has centro-symmetry ÜQfj.  This configura- 
tion allows fivo major operations of symmetry 
which define t' c various classes of notion for 
different fundamental vibrations of the molecule 
and whether they can be active in infrared or Ra- 
man processes.  Both 992 cm-1 and its harmonic 
belong12 to the symmetry class Aig and so are RH- 

man active but infrared inactive. There is exper- 
imental evidence which implies that in the liq- 
uid, because of intermolecular forces, the struc- 
ture is slightly changed and the Dßf, symmetry 
is not sbsolutt ly perfect.12"'''  At low light inten- 
sities, as arc employed in normal Raman and in- 
frared spectre-copy, the point groups of the mo- 
lecular vibrational modes are of prime impor- 
tance in determining the optical properties.  But 
at coherent and high light intensities needed for 
stimulated Ranan generation induced phenome- 
non may take over producing a radiating dipolo 
moment corrc.ponding to 1984 cm-1. 
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The infrared stimulated emission is observed 
despite the absorption (A'-40 cm"1) of the medi- 
um15 due to background absorption and a strong 
neighboring absorption band at 1955 cm-1, which 
has been identified18 as a combination of the 905- 
and 970-0111"' vibrations.   The larye absorption 
of the medium at 5 ß must first be saturated to 
allow the stimulated infrared radiation to propa- 
gate. 

That the thermospectrum of the 8050-A stimu 
lated Raman line, which involves a shift of 198! 
cm-1 from the laser frequency, and the thermo- 
spectrum of the stimulated-emission lire a* 5 M 

peak at the same temperature indicate that both 
are due to phonons of 1984 cm"1.   Although we 
have observed optical-phonon-stimulated emis- 
sion from benzene, such emission should be ob- 
servable from many liquids, grases, and solids. 

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

*This research was supported by the U. S. Off'ce of 
Naval Research under Coniract No. Nonr-233(93). 
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VI11.  DBiaVATIVT. SPIXTÜOSCOI'Y 

There arc a number rf applications for which it is desirable 

to sweep the  frerjuency of F. monochroritetcr at relatively rapid rater.. 

In the case of signal averaginjj using rmlti-chamiol analyzer tech- 

niques for detecting weal', spontaneous Raman linen, the signal tc 

noise is enhanced proportional to the Square root of the nui.tber of 

sweeps through the line. In order to detect very weak narrow ab- 

sorption linos out of a background of relatively smooth absorption, 

it would be desirable to obtain the derivative of the absorption 

since conventional techniques require a highly stable optical de- 

tecting system. Wo have developed a technique which enables us to 

frequency nndulnto a spectrometer in any desired spectral range. 

This technique has rather wide applicability in a number of areas. 

Since there has been a nunber of dcvelcpmsnta in 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 sane methods can be used to treasure snail 

narrow absorption bands in liquids and gases. 

During the past, few years, several new techniques "  have been 

developed which have made it possible to dotermine the singularities 

in the density of states for optical transitions in solids. These 

techniques arc essentially derivative techniques which allow the 

detection of very snail changes in optical absorption or reflectivity 

in an otherwise flat background, The conuon dcnoriinator of all these 

techniques is that sci.o natorial paranctcr is nodulated and the de- 

rivatives of the corresponding optical absorption or reflectivity 



is iiioasurci! by a pliaso stmsitivo detector. The ailV'Uitago of those na 

techniques JQ. that th^v give rise to ]nrrc effuctr. at critical pointr. 

such as band edges or saddle pcrnts, rosultinp in convert in;1, othcii'.'isu 

continuous-like spectra into line-like spectra with the consonuont 

ease in measuring the positions of these singularatics.  The electro 

optical technique ' may be used on insulntorp and semi-conductors, 

while tlic piey.o-optical '  technique nay be used for insulators or 

metals. The recently developed thermal-derivative technique can bo 

used on most materials,   However, all these methods are necessarily 

restrictive in their applicability since they require r.ppropr.'ntc 

sample preparation to which stress, clctric fields, or thermal rise 

in temperature is to be applied. In additional, all these techniques 

yield line shapes which are not completely understood. 

It would be desirable in this field to have a method of ob- 

taining the derivative of the absorption or reflectivity as a function 

of wavelcnr  without recourse to the actual modulation of the optical 

properties of the material. In this manner, it would then be possible 

to locate the singularities and then to separately study the effects 

of stress, electric fields, 'or temperature, ksscntially, what is 

needed is a frequency nodulated spectrometer, so that appropriate 

phase sensitive of the detect, "va signal would yield first or higher 

derivatives. We have developed such means of frequency modulation 

anywhere from the ultra-violet to the far-infrared at depths of modu- 

lation of —r <*10"* at frequency rates up to a kilocycle/sec. Ke 

have domonstratcd that such a device is capable of measuring changes 

in absorption or reflectivity at levels of one part per nil lion for 

narrow line.-, out of a continuous background. 



Several netlKKls hove been rc])ortoc! for producing derivative 

spectra."  '  In o.tt- c}?ss, '   differentiation i? obtained by elec- 

trical differentiation of tlie output signal with respect to tiiio in an 

analogue fashion. This method has the disadvantage that the value of 

the derivative is a function of the scanning speed. However, diff- 

ercntiating the independent variable, such as the wavelength, is not 

subject to this disadvantage. The wavelength of a spectrorotcr may 

be Modulated by varying the wavelength of Hie light incident on the 

11  13 
detector.    This may be done by the vibration of one of the slits     ' 

or by oscillating the deflection of the bean through the oxit-slit by 

12 
the use of a refractor plate.   Both of these methods require a modi- 

fication of the spectrometer and in addition, the latter is limited 

by the transmission characteristics of the refractor plate. A more 

universal method which requires a minimum of interference with an 

existing spectrometer am' requires very little auxiliary equipment 

is to oscillate a deflecting mirror within the spectrometer. 

Figure 1 shows the experimental arrangement for obtaining the 

derivative of an optical quantity. The only modification within the 

spectrometer is an additional structure upon which the exit mirror is 

mounted vrhich enables it to be oscillated at a frequency and amplitude 

determined by the voltage applied to a piezo-clcctric clement connected 

in a bimorph configuration. The mounting of the exit-slit diagonal 

mirror in Pcrkin-Elmer 99Z,  210 and 301 monochror.onators was so modi- 

field the frequency of oscillation of the mirror can be from 30/1000 

cycles/sec. and yield an amplitude of oscillation so that the depth 

of modulation was at —-£    <^    10~"  in the wavclcnr i range 3O00A-2O,000A. 



The intensity of the  U;',M  fnllinj; on the cbifctor after trrpr.- 

mission through a saiapJc 5;;  given by: 

where K, R and d are the absoiption coefficient, reflectivity cud 

thickness of the sample ;nd I   (3.)  is the incident intensity on the 

sample.    In regions where the transnission is not too grcr-t,  i.e., 

KWCIM» 
we can lct t'iC denominator cqua?  unity and: 

If we neglect the spectral dependence of R 

(3) 

If the slits of the menochromator arc adjusted so as to keep the 

light intensity falling on the detector a constant, wc obtain: 

,        X X. (4) 

Thus we see if the contribution to  "TT/ •^  ^r0I;1 atmospheric 

absorption, the wavelength response of the detector, and the light 

source is snail compared to that of the sample, it is possible- to 

obtain the derivative of the absorption coefficient with respect 

tu wavelength. If the contribution fron the source background is 



conparablc to that of the snr.plo, p. soparnto run v.'.Uhout tho sample v:.i ] ] 

yield  "^ /r,_ and the ilevivativc of the sbsorptioii cooffi'-ient c;ui 

be CPIdilated, A separate run to obtain the background derivative can 

be obviated by the use of s double-beam optical systcn such as the 

Pcrkin-Elucr 301 wlicrc the derivative of the signal tlupush the sample 

and that of the background aye sinultaneously measured and the background 

correction made by an electric analogue circuit. 

It should be noted that by this method of direct differcntation, 

i.e., by frequency modulating the macrochromatcr, the line shapes at 

the singular points are obtained unambiguously. This is in contrast 

to the electro-optical piezo-optical, or thcrmo-optical technique 

where a material parameter is modulated and so the observed line 

shape of the derivative must be unfolded from the raw data by theore- 

tical considerations. 

The experimental arrangement for obtaining the derivative of a 

spectra is shown in Pigui-e 1. The light signal incident on the sample 

is amplitude modulated at 13 c.p.s. by a chopping wheel and the rccti- 

field d.c. component is fed to a servo control which adjusts the slits 

of tho manochromater to keep a constant incident intensity on the de- 

tector so as to maintain a fixed d.c. operating point on the detector. 

The exit-slit mirror is driven at " 200 c.p.s. and this a.c. component 

of the transmitted beam is detected synchronously with the voltage 

driving the piczo-elcctric bimorph, Tho frequency of oscillation is 

chosen as high as possible to overcome the /f noise in the detecting 

system. The frequency of modulation depends upon the mass resonance 

frequency of the miner system. Although, maximum amplitude occurs at 

200 c.p.s. frequencies up to 1000 c.p.s. can be obtained with somcwh.'it 

deevc-.sed r.rdtil ation. 



In order to dcmonstraLc the opcrntion of tlio dcrivativo S])ecir(i- 

lactcr, tin; fullowino data war. tnken using tho }',rcon-lino of r* 1!^;-sre 

as the source. A Perhin-hlnci 230 i:iunocl\ro:.iator \.';,.r. used, v;iili an 

RCA 11*28 Photonultijuicr ns the detector, in conjunctioii idth a 

PAR HIl-8 lock-in-ai.ip]i ficr. Figure ?a r.hov,-'- the anplitudc of the 

green line, Fiourc 7M  and Figure 2c show tho first and second de- 

rivative of this line at a. modulation voltage which did not cause 

any appreciable broadening of the line. Figures 21) and 2c. also shov; 

the sane sequence of data taken with larger moc'ulatinE voltage where 

the line widths of the derivative spectra are modulation broadening 

caused by the fact that the depth of frequency modulation; is cor. ■ 

parable with the instrumental lino width, 

Phonon-as sisted indirect transitions in transmission and the 

singulariites in the reflertivity of semiconductors were investi- 

gated using the above techniques. Figure 3 shows the phonon-assistod 

indirect transitions in silicon at room temporaturc?. This figure 

shows the actual chart recording of both the derivative of silicon 

and the derivative of the background I .  One should note tho small 

structure in the    /Jv signal. The net result of interest, -rr , 

is  derived by talcing the difference of these two signals, but as 

the  "^/Jv)  signal is roughly constant, the main structure of 

is apparent in the    /Jy signal. 

The plasma edges of the noble metals silver and gold have been 

investigated using this method in reflection and transmission using 

aluminum as a standard. Figure A  shows the derivative of the re- 

flectivity of silver in the region of the plasma absorption. In this 

region the derivative of the aluminum reflectivity is practically 

flat so that this figure represents the net result ' Al v> . 

■ -^—->—g« > 



Although in this report we have illustrotod the use of derivative 

spectroscopy in emission, transmission and reflection in solids, it 

was possible to detect very weak atmospheric absorption in moderately 

short laboratory paths by this tochniquo. This derivative technique 

should prove very useful in measuring single and double-photon ab- 

sorption in gasos and solids. 
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FIGURI: CAPTIONS 

1. Schematic diagram of optical set-up used to obtain the derivation 

of a spectrum, 

2. Emission of the grccn-line of H , together with the first and 
if 

second derivative. Also arc shown the some spectra taken under 

conditions where the depth of modulation is comparable to the 

instrumental line width showing the effects of modulation 

broadening. 

3. Derivative of the phor.on-assisted indirect transitions in 

silicon at room temperatures. 

4. Derivative of the plasma edge of silver in reflection. 
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CRITICAL POINT DETERMINATION BY DERIVATIVE 
OPT : -iL 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-asslsted transitions in Si and the 
reflectivity in the neighborhood 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- 
cal spectra. 

THE SINGULARITIES 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 higher 
derivatives of optical spectra and is of general 
utility in problems involving the detection of very 
weak narrow absorption, reflection or emission 
lines out of a relatively smooth background spec- 
tra.   In particular, 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 techniques1- B have been developed 
which have made it possible to determine the sin • 
gularitles In the density of states for optical tran- 
sitions in solids.   The common denominator of 
all of these approaches is the mi Julatlon 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 sample properties so 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. 

electric fields, or temperature char.ges can be 
applied.   In addition, all of these techniques 
yield line shapes which are difficult to interpret. 

A more desirable method is to frequency 
modulate a spectrometer and then to obtain the 
first or higher derivatives of the spectra by phase 
sensitive detection.   In this manner, it is possible 
to locate tho singularities and then to separately 
study the effects of stress, electric fields or 
temperature.   Several methods have been reported 
for product, g derivative spectra.s"      However, 
they all are unnecessarily restrictive in some 
manner. 

We have used a method which requires a 
minimum of Interference with an existing spec- 
trometer:  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.u 

In this marj-.er, we have converted Pprkin-Elmer 
99G, 201 and 301 monochromators to frequency 
modulated spectrometers.   The only modifica- 
tions were additional structures upon which the 
exit mirror» were mounted which enabled them 
to be oscillated by a plezo-electrlc element con- 
nected in a bimorph configuration.   The frequency 
and amplitude were determined by the applied 
voltage, rcrulting In a depth of modulation of 
iv/v-lO"3. 

The- transmitted Intensity, neglecting in- 
ternal reflection, from a sample of absorption 
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coefficient k, thickness d,  and reflectivity R 
is given by: 

I(v) = I0(v)(l-R)p exp[-k(v)-cl] . 

li the output of the spectrometer is frequency 
modulated while the average light, intensity on 
the dctccLor is kept constant, we obtain: 

dl(v) 
_dv_ 

I 

dUvJ 
dv dk 

dv . d 

where we have neglected the spectral dependence 
of R.   II (dl0/dv)/l0 is small, it is possible to 
directly obtain the derivative of the absorption 
coefficient with respect to wavelength.   If 
(dl0/dv)/l0 is not small, a separate normaliza- 
tion run without the sample ...ust be made.   The 
latter can be obviated by the use ol a double- 
beam optical system such as the Perkin-Elmer 
301.   We have used both systems undti- the 
appropriate conditions. 

It should be rioted that by the use of this 
method of direct differentiation, the line shapes 
at the singular points are obtained unambiguously. 
This Is in contrast to the electro-optical,1"3 

piezo-optical,"  or thermo-optical' techniques 
where a material parameter is modulated re- 
quiring an unfolding of the true line shape of the 
derivative from the raw data by theoretical con- 
siderations. 

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

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

rftanon-assistcd Indirect transitions in 
transmission in semiconductors and the singula- 
rities in the reflectlvltv of semicenductors and 

FIG.   1 

Emission of the green-line of Hg, to- 
gether with the first and second deri- 
vatives;  (a) shows the amplitude modu- 
lated signal, (b) the first derivative, 
(c) the second 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. 
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FIG. 2 

Derivative of the phonon-assisted in- 
direct transitions in silicon at room 
temperatures; TO = transverse optical 
phonon,  TA = transverse acoustical 
phonon, 0 = optical phonon of 7.ero mo- 
mentum. 
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FIG. 3 

Derivative of the reflectivity in the 
neighborhood ol the plasma edge of 
evaporated silver. 

metals were investigated using the above tech- 
niques.   Figure 2 shows the phonon-assisted 
indirect transitions in silicon at room tempera- 
ture.   Identified in the figure are the TO, TA, 
and TO + O phonon-assisted transitions.   The 
energy separations of these phonon bumps agree 

with the results of electro-absorption,'" 
course the lino shapes arc different. 

but of 

Figure L; -shows the derivative of the re- 
flectivity of evaporated Ag using Al us a standard. 
The prominent fe. hires in the derivative spectra 
are a peak which occurs at the steep plasma edge 
at 3. S8 eV which i. displaced from the calcula- 
ted free-clecti'on v.tlue by the Lag- hr, l' inter- 
band transition.   The smaller structures between 
2. 0 and 3. 5 eV v.hlcli are shown in the insert in 
Fig. 3, expanded by two orders of magnitude, 
are reproducible from sample to sample; struc- 
ture in this region has been seen by electro-opti- 
cal3 and plczo-optical4 techniques.   The begin- 
ning of structure starting beyond 4.0 eV may be 
the precursor of another intorband transiticn 
which Is expected around 5 eV. 

It also was possible to detect very weak 
aanospheric absorption in moderately short 
laboratory paths by this technique.   In addition 
to the study of critical points in the band struc- 
ture of solids, this technique has great utility in 
all areas of spectroscopy requiring the detection 
of weak lines out of broad background spectra. 

Acknowledgments - The authors wish to gratc- 
füTiylicknowlcdge the excellent technical assis- 
tance of John Dalun. 

References 

1. SERAPHIN D.O..',   Phys. Rev.   140,   Al716  (1965). 

2. FROVAA.,   HANDLER P.,   GERMANO F.A.  and   ASPNESD.E.,   Phys. Rev.   145,   575  (1966). 

3. FEINLEIB J.,   Phys. Rev. Lett.   16,   1200 (1966). 

4. GARFINKELM.,   TIEMANN J,J.   and   ENGELER M.E.,   Phys. Rev.    148,   695   (1966). 

5. BATZ B.,   Solid State Commun.   4,   241  (1966);  BERGLUND C.N.,   J.  appl. Phys.   37,   3019 
(1966). 

6. OLSON B.C.  and   ALWAY CD.,   Analyt.Chem.   32.   370 (1960). 

7. COLLIER G.I.  and   3LNGLETON F.,   J, appl. Chem.   6,   495  (1956). 

8. FRENCH C.S.  and   CHURCH A.B.,   Annual Report of Carncciclnstltutlon of Washington, p. 1G2, 
(1954-55). 

9. MCWILLIAM I. G.,   J. sclent. Instrum.   36,   51   (1959). 

10. BALSLEV I.,   Phys. Rev.   143,   636  (1966). 

11. BONFIGLIOLI G. ct al.    Appl. Optics  6,   147  (1967). 

12. COOPER B.R.,   EHRENREICK H.  and   PHILIPP H.R.,   Phys^Rev.   138, A494   (1965). 



630 CRITICAL POINT: DETERMINATION Vol. 6, No. 9 

Lcs sing- dritte des transitions assistöcs par phonons ftans le 
Siliolum ct le coefficient do r6flection au voisinage d'un front 
d'absorptlon do plasma dans 1'argent ont 6tö mesurßs grace ä 
une methode dc derivation spcctroscopiquc.   L'utillisation de 
cette technique spectroscopique, ä modulation de frequence, 
donne la possibility d'obtcnir les d6rlv6es premiere et d'ordrc 
supörlcur de n'lmportc quel spectre optlque. 
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Multiphoton absorption in semiconductors was investigated with emphasis on the 
II1-V compounds. It was shown that this mechanism can set an intrinsic upper limit 
to the powar density transmittible through semiconductors. Laser action in a large 
volume of GaAs was excited by double-photon pumping usina a Q-switched neodymium 
laser, yielding output power of the order of a megawatt/cm^ at 8365 A at liquid 
nitrogen temperature. 

A new temperature anomaly of the threshold for stimulated Raman emission in 
liquid benzene was discovered and investigated. 
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phonons of a liquid was reported. This was seen at 5v from benzene. In addition, 
induced transparency by coherent optical phonons was observed. 

A new technique of frequency-modulated spectroscopy was developed which enables 
«« to readily obtain the first or higher derivatives of any optical spectra. 
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