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INTRODICTION

This report is the ‘Second Semiannual Status Réport under
Cotitract NOOO14-67-A-0112-0039; which, begah on ¥ June 1969u

We continue to start new projects unde® this progcam vhich we
fec): have: potential for developing, into major new technical -areas,
capable of generating separate support based on initial results
demonstrated under the Joint Service Program. The preceding report
discussed three- project areas .originated under the.Joint ‘Service
Program which héd attained thét status, -and were being continued
and’ appreciably expanded under new auspicgs, namely the acoustic
surface wave amplifier, the acoustic microscope, and an ultraviolet
lasqrﬂprojectu These have grown into separate contracts of real
significance. The surface wave amplifier provides very large stable:
gain over wide bandwidth and is:moving closer to incérporation for
overcoming Josses in practical delay lines for signal processing.
Industrial development forthis purpose is ‘underway. -Acoustic
microscope compenents of both direct imaging and-scanning types,
both of which originated undei thé Joint Sevrice Program, aie
showing sbehavior in.accordance with expectations, and initial ‘
testing with biological specimens is beginning under the fblﬁQW«Oﬁ
program.

During 'the reporting pericd a néw area of vacuim depositior of
semiconductor films for UHF and microwave device work has been
added to: the Joint Service Program. This work was inspired by
promising findings -urder the: follow-on surface wave amplifie+
contract referred to above, that indium sntimonide can be vacuum
deposited having a new range of .dc parameters suitable for use
#ith the surface wave amplifier, and that semiconcuctor fabrication
for the amplifier could be trémendously simplified by vacuum
deposition techniques if the rf parameters of the filws could also

be brought inte the correct range. This is a speculative idea with

Preceding page fank
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arge prospective :payoff ih--device  cost :and: perforinancé. It hds been
possible duiing the few fionths. that it hag been active undér £he
Joint Service Program o obtain promising results ih pinpointing the
rf“paramétéfS‘whiCh éte»ﬁél¢Vgﬁ§ in semiconductor films: for high
frequency devices, and'in MQkigg;p?ogreSSAtoward the achievement of
these parametérs. Other materials dre also ‘to bé tried, and there

15 the possipility that. genéral vacuum deposition of semiconauctors
will g¥ow into & major activity in this laboratory.

During the véporting period we have undertaken development of
a general computer program for calculating acoustic propagation in
systems consisting, of a thin film on a. substrate, 'which includes as
special ¢ases all problems of surface wave propagation on a single
surface, guided wave and: digpersive wave -propagation in thin layers
on & sgbstratej:and general focusing and deflection of surface type
waves. Until recently it has been possible to use simple programs
which assumed: the materials are isotropic ard nonpiezoelectric, but
current experimental device work with strongly enisotropic and
Plezoelectric materials required that both. these haracteristics
be included, and both of them necéssitate iiajor programming steps.
The 'program is now  in Operation with arbitrary anisgtropy in both
the substrate and film and the additivn of arbitrary piezoelectricity
is underway; it {s finding essential application to a variety of
surface wave device projects .within the laboratory.

A third nev program which was added at the begirning of the
reporting pericd is a theoretical and experimental investigation of
parametric -amplification. of Surface acoustic wavesd is a possible
means for low noise amplification in surface wave @2lay line devices
and for: the .generation ¢f surface waves at UHF and microwave
frequeniies, A hew parametric¢ interaction between acoustic and
electrieal wavet in piezoelectric crystals is involved which was
first discovered in bulk wave delay lines on another program in this

laboratory. While bulk waves ' ive high dynamic range which makes
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them essential in some appli¢ations, they also require high
thresholC power for parametric oscillation.

It was predicted that surface waves would be capable of low
thgeshglds and this question is now being investigated undeyr the
current: ;progran.

It will be noted in the text that, some current projects are
nearing‘completion and this circumstance will be accompanied by
the addition of further new- research areas under the program. At

the present time, six wrojects are active under this contract.

I. Theory of Thin Film Waveguides

JII. Tunable Raman Laser

€

III. Ring Lasers
IV. Surface Wave Paramétric Amplification
V. Semiconductor Films

VI. Submillimeter Wave Generator
In the text below, certain introductory parts of the project reports
are repeated each time so the reader may more readily follow the
work without reference to previous reports.
The responsible investigator is M. Chodorow; C.F. Quate is co=

responsible investigator.
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T. THEORY OF THIN FIIM WAVEGUIDES
(B. A. Auld, L. P. Solie, and H. J. Shaw)

During the past reporting period we have developed a computer
program capable of finding the dispersion relations tor guided: acoustic
waves in a film supported by a semi-infinite substrate where both mate-
rials are nonpiezcelectric but otherwise arbitrarily anisctropic. The
mathematical approach is essentially the- same as was described in the
previous reporting period for the anisotropic free plate so no detailed
theoretical de.ivation is necessary. A guided wave is composed of a
sum of -solutions which individually riust satisfy the equation (1 metion
in their respective media; the sum of these solutions must satisfy the
following boundary conditions: 1) zer. normal. stress at the free surface
ot the film, 2) continuous normal stress across the bounddary between the
film and substrate, 3) continuous displacement vector across this same
bouridary, and #) Gisplacement vector componeni/s must vanish exponentiadly
into the substrate.

A typlical dispersion curve is shown in Fig. 1 when phase velocity
is plotted versus the product of film thickness h and wave number Kk
for a gold r'ilm on sapphire. The gold film, though nearly isotropic,
is oriented with a cabic axis normal to the surface and ancther cubic
axis in the directicn of propagation. The sapphire‘is X cut Y pro-
sagaLing.

A second program develouped during this reporting pericd was a
spec¢ial case of the above grugram, Tnis program calculate i the surtace
veloeity for an arbitrarily oriented anisotropic surface wave with no
Tilim present. These waves are nondispersive but depend upon crystal
corientation with respect to the surface normal and the direction cf

propagation as shuwm for LiNbO, In Fig, 2. Fer this figure the Y and

3
Z crystal axes lie in the plane .iefined by the surrace n.rmal and the
propasgation direction, The angle between the surface normal and the

Z axis is 0 ; veleocity is in cm/sec divided by 105. As indicated

-1 -
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FIG. 1l--Velocity versus film thickness-wavenunber for the lowest order
surface wave for gold on sapphire.
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in the fTigure, 06 = QO‘ and lBOO corresgonds to 2 o, & «ﬁpoﬁégating

s

while 6 =-90° is Y odut; Z prepagatir 1.
The latter part of this reporting period was devoted tolextending .

these analyses to include piezoelectric -effects. Usiﬁgﬂﬁhe quasistatic

approximation for the electric field, the tollowing is the equation of

motion for acoustic wavés in a piezoelectiic medium.

, ((—*ﬁ ( . —))(7 . ?’;

R b) e v d \
‘i? +-:—(=rs——-' V -lkal u = 0 (1)
£ e - ,
where 'ﬁ s ‘the propagidtior vector
., E
L = —
kﬂ
V = the surface wave velcoity
p. = the mass density
©p
C" = the stirfness constants
o .
€ = the dielectric constants
< . .
¢ = the piezoelectric constants
- N
u = the displacenent vector.

Suiutions to this equation are sought in tne form

11;,_(z]xl + £,X, - Vi)

ui = aie i 53 ? (2)

where the surface waye propagates aleng X1 and X3 is normal tn the
surrare. Here, ozi are constants describing the phass and amplitude
relati-nship between the components of u, for a giver. sclution. In

order Tor solutivns @, to exist, the secular determinant of Eg. (1)
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must vanish., The resulting 2quation is an eighth e¥der nolyn miat in

. 1. when the ccerficients are tunclions ot the veludity v . Considerzbdle

3
rd
effort has been made to express these cuefficlents as explicit functions
off v ih crder to make ithe calculation of tiie 13 “s as erficlient as

possible since, in the pumerical cajculations, this operatlon is: rejeated

many, Limes in a redterative loop. This step Las vecently beeun Tinisheld

‘and the next siep is to impuse boundary conditions ror varicus gulded
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TI. TUNABLE (IR) RAMAN LASER.
(R.H, Pantell, H.E. Puthoff, S.5. Sussman, B.C. Johnson, ahi-.J. SooHoo)

A.  UTRODUGT LON
The pugepeses of this investigation are to st dy the ¢ nver&ien ¢

apergy from one rreguency to another utilizing ihe

daveior euntinuousiy-tunable optical and rar-ii

~

o

ranred sourees wili,
azsirable speetral and conerence properties; and to (bigin a ¢leay

shdefstanddnr o the maueria’e and spechanisms nve fved L LELS v Tieear

prucess,
B.. MAJOR ANCOMPLISHMFENTS

L. uxpnrxmental<work

A gimple, Wighly-efficient,. tunable infrared and uwtica. s .rec
4188 been develupeds In. the Iafrared the radiation can b2 tuned c¢ons ‘
vinucusly Trom 50 to 250 miérons with poewers: of 10 t¢ 100 wavvs, I
the ¥isible the suurce can Be twped over 100 angstrems with & ¢ nuversion
effic :enc; from o )-megawats ruby laser pump of greater than 500, The
device consist§ simply of a lithiﬁmnniobatc*(LiNbQB) erysta: poaeed ln
front of a @-switched ruby laser. ‘Tuning is achieved Uy avtating the :
erystat s thdt the -angle between the punp beawm and the norms U Lo
crysia, faces is varied, Externa! resopatoers are pot require i, cani ‘e
device cperdtes al rrom ‘temperature, eliminabting the neei fir rrysial
temperature control,. '
We have recently measured the power versus wavelength characterist '

B

fer the infwared signal cutput. The results agree w¥ih thecry, Peak

Y

powars of ~ 150 watts at #00-microns are generated wivi ur oryste

damagie as a typical result, In addit] n . inswlith messwrenerncs nav
been cempleted whiich indicate bandwidthe o8 - > w o Lo railatto,

cver the cbserved Lualmr range of 2oc003) w0 g, gheoe et e

presented in the Appeniis.
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2. Theoretical Work

‘é In the stimulated Raman process of interest, energy intensity at
i~"§{ ‘the pump frequency is coriverted into energy intensities at both the
. ~ shirted Raman (visible) frequency and the infrarei frequency. Hitherto,
é,‘ % in theoretical analyses of the problem depletion of the pump intensity

-as a result of conversior to other frequenciés has beenh neglected. Due
3 téthe éfficiency of the process (i.e., observed high conversion) we:
4 : have begun to investigate the effects of pump depletion. Closed-form

solutions have ‘teen obtained. Computa“idhs .and experimental verification

of the theoretical predictions are now underway.
3. Further Work

As & result of the success of the project, otier crystals ¢o provide

s 5 further extension of the work are being investigated, both theoretically

ST e,

£

for their properties &nd experimeiitally by being grown in the crystal
research laboratory. Tf anticipated results :are forthcoming, it will
be: possible’ to extend the results obtained thus far to new frequencies

27d alse to cw operation.
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APPENDIX

II. TUNABLE RAMAN LASER

POWER AND LINEWIDTH OF TUNABLE STIMULATED FAR IR EMISSION
s *
3

B. C.. Johnson; H. E. Puthoff, J. SooHoo, and S. S..Sussman

IN LiNbO

Stanford University
Stanford, California 94305

ABSTRACT

The power Versus wavelength .characteristic for a high power,
continuously tunable far infrared source has been experimentally
determined and compared with thedry. Utilizing a Q-~switched' ruby
laser as thepwp and stimulated polariton scattering in the crystal
iiﬁb03 as the scattering mechanism, peak powers of ~ 150 W at 200
microps are generated without crystal damage. Linewidth méasure=-
ments indicate a bandwidth of < 0.5 cm-l for the radiation over the

observed tuning range of 66 to 200 microns.

m -
This work was suppocrted by the Joint Services Electronies Progran.




We receritly reported the ¥irect -detection of tunablé stinulated
far infrared radiation .accompanying optical scattering from the lowest
Al =symmetry polariton-mode in LﬁNbOB.I’2 The stimulated radiation
fésults~ffbmva'paramétric;pﬁoq¢sS whereby -input ;pump photons of
frequency Yp interact with an -optical vibrational mode in the crystal
at frequéncy: Yi , -proddcing "signal" radiation at Vg =.yp - v, and
"idler" radiation -at Voo Since the idler frequency and wave vector
must lie on the matérial dispersion characteéristic (« - k diagram),

a uniqué set of allowed frequéncies and wave vectors is determined

for the sgattering,procéSSJB‘ Simultaneous tuning of ‘signal ana

idler is<thgq_accompii$hed\by varying ‘the angle between pump and signal
‘propagstion vectors.

In our experiment, opposite ends of an uncoated &-axis LiNbOé

crys al were polished flat and parallél to form a léw 'Q resonator

.r the 'signal radiation. Tuning was accomplished at room temperature
ty mechanically varying the angle between the pump beam and the crystal
surface :normal, The pump, signal, and idler are linearly pdlarized
parallel to the crystal c-axis.

The experimental arrangement is shown in Fig. 1. The pump was a
Q-switched ruby laser (£9%2 RY emitting 20 nsec. pulses witlh a peak power
of «~ Md and.a beam diameter at the laser of about 2 mm. A ~C em
focal length lens focused the beam near the output end of a 2.- cm
a-axis LiNbO3 crystal with the laser polarized along the c-axis.

The laser-lens combination is ~~unted on a rotstable bench with its

pivot point coinciding with the outpul end of the crystal, which rests

- 3 -




on a fixed platform. The end faces of the crystal were polished flat.
tand: parallel to within a féw seconds of arc. In addition, a cut wvas
maidle in the corner of the crystal output end at the propér angle to
allow the idler radiation to emerge approximately normal to'the exit
su¢race and henice minimize reflection loss at the crystal-air interface.
1R :detection: was provided by a calibrated Golay detector system, with
& black polyethelyne filter placed in the collecting light pipe to
eliminate stray optical signais. Qutp..$§ from this detector were
monitored on.a Tektronix Type 55% oscilloscOpe. Temporai bebavicr of
input pump, output pump, and signal radiation was monitored on photos
diodes in conjunction with a Tektronix Type 519 oscilloséope. Optical
wavelengths :fe recorded on f£ilm at ther output of a 1 M grating
spectromef ¢. Measurements of the signal ragiation linewidth were
performed with a Fabry-Perot interferometer. The transmitted outpuc
pump beam was.blocked during the linewidth. measurements.

Figure 2 shoWs the obterved-tuning curvé for-the crystal use n
the experiment. The signal and idler radiatiofi was monitored di ietly
for each of the points indicated on the figure. Detailed behavior of

the frequency tuning as the angle of incidence is varied, has been

1
P

treated elsewvhere.
The magnitude and ‘frequency dependence of the scattered idler

powey zay be estimated theoretically. Proceeding from rate equations,"

we ortain that power at the idler frequency, Pi , generated inside the

-

erystial is given by

v, [/ g_cos ¢
P, = R — ' P (1)
+ = S ’ \
' &+, -
v \g_ cos x;
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where 8 the signal gain constant, satisfies the growth equation

BP'S

¢ 1is the angle between puﬁb and idler propagation wvectors (sez Fig. l);
and di is the idler absorntion constant. The value of Q, is deter-
mined from infrared refleciivity data,6 and all other parameters in.

Eq. (1)-can be evaluated f¥om a plene wave treatment of thé scattering
prpcéss.7 The result'ng theoretical curye 'r normelized idler powey
Versus wavelength appears as the s6lid line on Fig. 3, for which.we have
assumed & ruby pump with-an. intensity of 5 x 108 w/qmz, the -approximate
value used in the experiment. For a signal power Pé ~ lO6 W (corre-
sponding to .experimentally observed values), Fig, 3 implie$ a peak
idler- power Pi ~ 150 W generated inside the érystal at v, = fO‘cm—l
(11 = 200 ;z). Experimental poihts appear as dots on the figure with
accuracy indicated by error vars. The measured idler power

outside the crystal is reduced from the plotted internally generated
power by a factor of about twenty. primarily due to surfare reflectién
and absorption betweer the generating volume and the exit face..

Wle may quantitatively determine some additional characteristics of
the idler radiation based on a knowledge of the signal frequency band-
width., Conservation of energy for the scattering process requires that
9”1.5 Ays , Where ‘\vi,s refer respectively to the idler and signal

iinewidths. Fabry-Perot measurements performed on the signal radiaticn

over the observed tuning range indicated values for AV rangin

o
8

rom
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about 0.1 to 7,5 cm-l. Hence we infer that the idler radiation in our
experiment exhibited a lihewidth, ANi , of less than 0.5 Qm-l‘throughm
out the tuning range.

Having determined the linewidth of the idler radiation, it then
becomes possible to estimate its spatial divergence. The material
dispersion curvel’6 indicates, for'a given frequency interval avy
along the curve, a corresponding wave vector spread Aki for the
idler radiation. Since the idler wave, vector determines its propagation
direction, a aki results in spatial spreading of the idler output deam.
Thus by kﬁowing AV, we may estimate the anguler divergerce of the
radiation as it edlerges from the crystal exit face. For a Avi of
~ 0.8 cm-'l the average value for the angular divergence outside the
erystal is approximately 2:% degrees.

In summary, power and lihewidth measurements have been accomplished
for a sitimulated coherent far infrared source, tunable from 6¢ to 200
microns. High peak power (~ 170 W), narrow frequency linewidth, and
-small angular divergence cheracterize the output radiation, which was
directly «detected over the entire tuning range. Some interesting
v'eatures of the source are its simplicity, contifuaous tunability, and

reom temperature operation.

The authors wish to acknowledge the efforts of R, Feigelson and

L]
B

. vory of the Stanford Center for Materials Research who grew the

=J

r¥sizl used in this experimeit and of B. Griffin who oriented, cut,

2

s

n3 polished the erystal. The continued supnort and encouragement of
R. H. Pantell during his sabbatical leave, as well as the technical

assistance of J. M, Yarborough are also gratefully acknowledged.
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FIGURE CAPTIONS

Schematic diagram of the experimental setup. Idler radiation
emerges approximately normal to corner face o£¢LiNb03 crystal
and is monitored by Golay detector-light pipe combination.

L is a 50 cm focal length lens, BS denotes beam splitters,
PD1 and PD2 are photodiodes, and D indicates diffusers used
to uniformly illuminate spectrometer slits. Pump, $ignal and
idler propagation directions and angles are indicated by phase
matching triangle at upper left. Rotation of lacer bench varies
47, anda hence & .

Observed tuning curve. Scale at left represents idler frequency

2 in wave numbers, scale at right the corresponding wave-

length (1/vi}.

‘Normalized idler power ‘versus waveleéngth generated inside crystal ..

Theoretical analysis indicated by solid curve with dots: corresponding
to -experimentally observed points. idler freguency and wavelength
indicated on bottom scales. Idler power outside the crystal is
reduced by a factor of about 20 due te surface reflection and

absorption between the generating volumé and the exit face.
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ITT. RING LASERS

(M. Chodorow, H. E. Puthoffj S. I. Wax)

A. INTRODUCTION

In this project we' are studying the effect of frequency modulation
on the behavior of a ring laser. The goals are to develop techniques
which might "be used to improve the low frequency sensitivity of a ring
laser, and to better understand the physicél phenomena involved in the
operation of the device.

Previous research, sponsored by the Air Force under contract
AF 33(615-67-C)1245, dealt. with the behavior of the ring laser- in the
presence of pulses produced by intracaviiy phase modulation. A report

on that research is given in Appendix A.
B. EXPERIMENTAL RESULTS;

Research on thils eontract has dealt with the condition of fre-
quency modulation.. As described in Appendix A, this condition uay be
achieved by detuw ing the phase modulator about 300 MHz .awsy from mode
spacing.

In order to monitor the frequency modulated optical spectrum, a
confocal-cavity szanning interferometer has been constructed. Using
this device we have bcén able to verify the presence o a single fre-
quehey~-modulated spectrum, whose modulation index varies in the range
between about 5 and 19 as we vary the modulator frequency and depth.

Measuring the beat between oppositely directed waves, we found a
frequency off'set in absence of rotation. The of'fset is of the order
1-2 kHz, and thermally drifts over several hundred Hz. Besides being
deleterious to rotation sensing, this result is at first surprising.
In the pulsed case we attributed the ofrset to the localization of
energy sc that a pulse arrives at the modulator at a particular time.
However, in the FM case, the intensity is wniform and we may not speask
of an arrival time. The offset in this case comes from mode pulling

resulting from the large nudulator detuning. A slight diflerence
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between the spectral shapes of the bppositeiy—directed waves causes a
difference in net ‘mode pulling snd thus an offset. The drift in offset
results from -the extrame senSitivity of rellative mode amplitudes to
the parameters of the system.

In' the FM case, as. inthe pulsed case, we aote the existerice of
two states, analogous to the 0 and I pulse states (described in
Appendix A). The offset changes as we:gwiich. between the two FM states,
and in one staté idcking never occurs, wiile in the othei there is
locking with hysteresis. -This Dehavior is not linderstood, ‘and in fact
it is not clear whetler thé ‘theory predicts ‘the -exisiénce of two FM

states. ‘Same further effort will be made to understand this behavior.
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between the speciral shapes of the oppositely-directed waves causes a
difference in net mode pulling and thus an offset. The drift in offset
results from the extreme sensitivity of relative mode amplitudes to

the parameters of the system.

In the FM case, as inthe pulsed case, we note the exis*ence o
two states, analogous to the O and II pulse states (described in
Appendix A). The offset changes as we switch between the two FM siztes,
and in one state locking never occurs, while in the obner there is
locking with hysteresis. This behavior is not understood, and in fac:
it is not cl.ar whetler the theory predicts the existence of two FM

states. Same further effort will be made to understand this benhavior.




APPENDIX A
III. RING LASER “PROJECT

Research directed by (
Professor Chodorow

1. INTRODUCTION

This project is concerned with research on the properties of an
elextromagiietic rotation ..énsor, more commonly referred £5 as a ring ‘
laser. In particular, it is< concerned with approaches which can
probably oveicome the prinaipal«d;sadvantgges of existing ring lasers.

A ring laser is 4 optical oscillator with mirrors placed at the ¢
coiners of ‘@ polygon. The light follows the closed path around the
perimeter, so that the natural modes will consist of rufining waves,
travel:zng in opposite diréctions around the ring. The resonant
condition i§ that the round-trip pathlength be an integral number of
waygleﬁgths. It the presence of rotation, general relativity tells
iis that the pathlengths for light traveling in opposite directions will
be d'fferent so thzi the frequencies of the oppositely-directed (OD)
waves are different by an amount ;

where
Af" = frequeacy difference between OD waves in cycles/sec
A = area of thetpolygohsnormal to the axis of rotation
A = optical wavelength
P = perimeter of the polygon
& = rate of rectation in radians/sec

Thus, we may use the beat frequency tvetween oppositely-directed waves

as a linear measure of absolute rotetion rate.
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The use of the ring ‘laser as a rotation:rate sensor has, in the
past, had several limitations as the rotation rate becomes small. A
laser normally oscillates at several closely spaced frequencies, or
axial modes. °‘I% a multimode laser, competition between these axial
medes produces ‘frequency pulling and amplitude jitter causing the out-
‘putl. to be incoherent so ‘that low frequency beat notes cannot be méas-
ured. To overcome this effect, it is common to operate ring lasers
under conditions in which only one mode oscillates in each direction,
but this results in a weak and noisy signal. More important, single-
mode operation of ten produces a frequency error &hich depends strongly
upon the ringapérimeter,vvarying by kilz's for length changes less than
a wavelength., ‘Thus, ‘very elaborate thermal and mechanic,l engineering
procedires miust be followed to achieve a stable signal, Another diffi-
‘culty arises as g result of coupliné’petween the oppositely-directed
‘waves, by mechanisms such as backscattering. Suchocoupling causes the
cppositely-directed waves to 1ock together in frequency at low rotation

rates so that the beat sighal disappears..

In other ‘laboratoriés, fiequency bias of dithering techniques
'have been used to avoid the .probiem of:sensing low rotation rates, In
this laberatory, we are using intracavity modulstion technitques in an
attempt to directly improve the <ensitivity to low rotaticn rates,

using all the modes of a multimcde laser,

Our modulation. techniques overcome both of the limitations wx-
prvessed above. The frequency spacing and phace difiérsnce between
adjacent axial modes is fixed by the modulator, preoducing a lew-noise
coherent \multimode signal. And the waves in oppozite direct:ons are
isolated from each other through the production of either narrcew pulses
or frequency modulation, reducing the possibility of coupling and

locking.

Two types of modulation have been used in this laboratory.
One method consists of less modulation in which a time-varying optical
loss produces pulses which arrive at the modulater durirng the time of

minimum loss. A detailed report on this portien of the project, :n
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the form of -a Ph.D. dié ‘er%ation, is available [Ref. A-1]. The other
method, to which we devote this report, is phase modulation, using an
element. whose optical length is a function of timc¢. By properly
adjusting the modulation drive frequency, it is possible to produce

either short pulses or frequency modulation.

2. DISCUSSION OF PHASE MODULATION

intracavityﬂphase‘modulatioq of a linear, two-mirror laser is
discussed theoretically by Harris and McDuff [Ref. A-2], and experiment-
ally by Amman-ét al {[Ref. A-3]. We have found that a phase perturba-
tion in a ring laser behaves similarly. to that 'in & linear laser. The
above references give a rather detailed quantitative prediction of *he.
%ehavibr, bubt. physical insight may be gained by a. qualitative discus-
sion.

Consider the lasers shown in Fig. A-l, containing a phaser modu-
lation clement within the optical feedback path. The optical length
of the modulator varies in time, as shown' in Fig. A-2¢ Thus light
passing through thé modulator undergoes a Doppler shift in frequency,
proportional to ihe rate of change of optical length: Since the medu-
lator is within the laser feedback path, light passes the modulator
many times, and the Doppler shift. is regenerative. If the modulation
frequency is tuned to the axial mode spacing, i.e., the modulation
period equals the optical round-trip time .for the cavity, a given
point in the light wave arrives at the modnlatory at the same modulator
phase each pass. Thus energy arriving while the length is changing
vill eventually have its frequency shifted outside the gain bandwidth
of the active medium. The 1light will hence tend to concentrate in
pulses which pass through the modulator when its length is stationary.
Therefore, there are two distinct pulsé trains which can exist in a
particular direction: one passing the modulation at O modulator
phase and one at I .

In the linear laser, or in a particular direction in the ring,
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we then have four ﬁBssibie resulis: Both wave trains may exist simul-
taneously, giving two. pulses- per modulator cycle, 2 condition we refer
to as doublé pulses; one pulse train may be extinguished, leaving a.
single pulse per modulator -cycle, either at O or st 7; or, finally,
both- pulse trains may ve extinguished. For a ring laser oscillating

in both directions, there are two possible pulse trains in each di-
rection, with a total of sixteen types of pulsing possible, as enu-
merated in Table 1. The type of pulsiag that results is determined by
coupling between all the pulse trains in the active medium, and is a

function of the modulator tuning and depth.

The position at which oppositely-directed pulses will cross is
.determined by boti the active medium and the modulatos., Because of
competition for gain, the active medium prefers the pulses to arrive
such: that the delay between suncessive pulses is maximum. In the.case
of singlé pulses in both directions, the crossings will ‘be l/h of
the ring perimeter froz the center of the medium. We-call these points
"natural crossings,” and in most of our experiments the modulator is

placed there.

Returning to Fig. £-2, if the modulator frequency is tuned away
substantially from axial mode spacing, successive Doppler shifts will
otill add. regeneratively, but pot in phase. The result will be that
each axial mode will have a frequency which varies substantially in
time. Viewed in the frequéncy Aomain (Fig. A-3), each mode has an
f-m spectrum, These specira all compete for gain in the active medium,
and the one nearest line center will quench all the others, producing

a single f-m spectrum,

3.  EXPERIMENTAL SETUP

The modulation element used in these phase modulation experiments
is a h5° z-cut KDP rod as shown in Fié. A-4. Note that the ends are
cut at Brewster's angle to reduce backscattering. To drive the modu-
lator at 7% MHz, a matching circuit was placed in the modulator box

(see Fig. A-5', Two features of the modulator box are worthy of nnte:
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TABLE A-1, POSSIBLE TYPES OF PULSING FOR PHASE-MODULATED RING LASER ’
Direction: Clockwise §Counterc10ckwise i
Phase: 0 T : 0 n !
Type No. | i ' ’ i Description
i | |
i i 1
1 : X X : X X : Doubles in both directions;(
iL- —-—: --—-"l:t ---------------------------
k 2 Y X X ' X - '
N 1 |
‘0 ] ]
3 ! X X ! - X T )
i ' { Double and single
4 X - 1 X X 1
! - t- i
) | [}
_ l 1 1
5 - X ! X X !
S rehemr e c e —————- 4 —— - b —— e ——— e ——————
! ¥ | [}
I
1 ! . ! ! Double in one direction
S . - ! X X !
g ! ] 1
_____ - g o v e - s o - - $o ot o o e 1 o o B ot S . S St e o e W S
' ) i
8 H X - H X - P .
H H ! Singles cross at modulator]
9 H - X ! - X ! '
e ————— | S 3 ——— - e o e - o o ———
. i .l
10 b oo - : ! Singles cross away from
| [} 1 .
11 ! _ X ; X = : modulator
------------ s e e o b e o o e e ) e e o e e s e o e 0 e e e o e
boox i |
12 i X - ' - - !
] 1 ]
| : :
13 H - X H - - 1
H H ! Single in one direction
e I
! 1 i
s | | -
15 ] - T - X ]
........ L - A ot e e e o | - - - -]
| i i /
16 ! - - - - ! Total extinction ’
X 1indicates set of pulses is not extinguished.
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RN L e
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FIG. A-3. GENERATION OF PURE FREQUENCY MODULATION
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the modulator is mounted. in a cylinder of boron nitride, which has a
high thermal conductivity while  being an electrical inshrétog, so that
we may minimize ‘heating effects. at high r-f power levéls. A loop of
wire placed next to ‘the modulator provides a convenient. method of

monitoring the modulator voltage and thus the optical length as a

function of time.

The active medium is a Spéctra-Physics Model Y16 He-Ne plasma
tube, operating at 6328 A. The tube is 120 em Jong, and gives about
i0% single -pass gain, sufficient to allow oscillation with several
elements in the cavity. The tube has a céntral cathode and an anode
at each end; so that the effect of gas flow in the: tube is minimized,

even with d-c¢ excitation,

In order that the laser will osziliate in both directions simul-
taneously, it is necessary to re.uce competytion between the two
oppositely directed waves for the gain of the active medium. As
discussed in detail in Ref. A-1, this may be accomplished by splitting
the gain profile into two Doppler brocdened curves, The splitting mey
be done either ‘by using a mixture of two isotopes of neon, or by using
magnets {Zeeman splitting). We have chcsen the latiter, rather than

going to the large expense of a custom filled plasma tube.

Tn zchieve a certain amount of mechanical stabiiity, we have
Placed tne entire system on a stable table. The table consists of a
30C0-%¥b. granaite block supported by alternating layers of bricks and
rug pads. The wholi¢ table rests on inner tubes which may be inflated
to vompletely isolate the Systom from earth-borne vibrations, A
one-inch aluminum plate which was originally used to facilitate mount-
ing of optical elements was remcved when we discovered that it exhi-
bited stron{' mechanical resanances. Optical elements are now set

directly on the granite by means of heavy Orass bases.

To minimize effects »f wind currents, and to provide dust pro-
tection, the system is Jovered by a box consisting of mylar on a wooden
frame. The laser tube 1s separated from the rest of the system by a

plastic cover which keeps ocut thermal winds created by the hot filament
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and/ plasma.

Since it would be difficult to rotate the heavy table, some other
means is needed to simulate rotation over and above the zarth's rota-
tion. This is adcomplished by inserting in the cavity a nron-reciprocal
optical-phase shifter. Two such devices whiéh we have used are a

Faraday rotator and a Fresnel drag tube.

The Faraday. rotator consists of a quartz rodiwith a coil of wire

‘Wound around it so that a..d-c magnetic field may be applied along the

‘rod. The ends of the rod are optically contacted to Fresnel rhombs
which servé- to convert lineariy:polarized light to circularly polarized
light, ‘When a magnetic field is applied; the ?araday effect causes
light traveling in one direction through .the rod to experiénce a phase
shift which is different from that experienced by light traveling in
the opposite direction, This produces an observable frequency beat
between the counter-rotating waves, and thus has the same efféct as

ring rotation,

The Fresnel dirag tube is simply a tube with Brewster angle win-
dows on the -ends and inlet and outlet hotes, so tnat gas may flow
along thé laser baam. The flowing gas has different indices of res

fraction in the opposite darections, .ard so simulateés rotation,

A third method of rotaticn sirulatior haz bzen us2d in zcme of
Gur experiments, utilizing the innerent non-reciprocity of phase

modilation, a¢ will be discusted later

The geometries of the ring with tne Faraday c=.l and with the
Fresnel drag tube are given in Figs. &-6 ard A-7 respsctively  For
both cases, £q. 1 gives a bzat frequency of 1 kidz per mrd/sec rota-
tion, The rotation rate of the carth would then correspond te a 50

Hz beat.

The three corner mirrors are multilayer dielectric marrors,
coated for high reflectaivity at normal incidence, W:th our horizontal
polarization and relatively large incidence angles, we éstimate a

loss of 0.1 to 0.5 percant through each mirror This transmitted
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lighp, along with.light reflected from Brewster winduws, is used to
monitor various parameters of the system: outpat beams frcm both
¢irections, with appropriate delay, are combined using a beam-splitter
and Jow freguency photo-diode to.measure the beat frequency belween

the oppositely-directed waves, A small amount of light in the combiner
system is fed into photo-diodes to.monitor the intensity of the two
waves;, Other output beams, one from each direction, are focussed
similtaneously on a PIN photo-diode to monitor the narrow pulses pro-
duzed by the modulation. At times a scanning interferometer is used

to looik at the optical spectrum, and/or a spectrum analyser is used

to study the r-f beat spectrum,

4, PULSED OFZRATION-RESULTS

a. Types of Pulsing

Experiments were conducted with the modulator placed at the
natural crossing discussed ckove, By adjusting the modulator fre-
quency and amplitude, we were able to produce nearly all of the types
of puising shown in Table A-1. The exception is that with the mod-
ulator av the natural crossing, oppositely-directed pulses tend to

cross in it so that pulses of types 10 and 11 do not occur,

A npap of pulsing type as a fuhction of modulator frequency
and amplitude is given in Fig, A-B. The region identified as produ-
c¢ing single pulses in both darections will also occasionally produce
doubles 1n one direction, with the other extinguished (types §, 7).
However, i% the modulator is properly placed very close to the natural
crossing, types 6 and 7 will rarely occur, presumably because the
magnets reduce the competition between pulses.travelling in opposite

directions, but not Between thcse in the same direction.

As one wquld expect, there is very little preference for one
direction over the other, nor for single pulses to arrive at one
modulator phase rather than the other., The resulting direction or
phate depends upon initial conditions, so that stable pulses may be

produced in either Jirection or either phase,
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We note in Fig. A-8 that more pulses occur as the modulator
frequency is decreased, and in fact, there is never more than a csingle
pulse in the ring for frequencie, higher than axial mode spacing.

This effect may be a result of the fact that, in order to keep in step
with the modulator at higher frequencies, a pulse must travel faster.
This can occur if saturation of the active medium favors the front of
the pulse;, which can only happen if the saturated medium has time to
relax between pulses, hence fewer pulses at higher frequencies., The

behavior of Fig. A-8 with increasing modulator depth is not understood.

b. Offsect

In the case of single pulses in both directions, we have
studied the beat fregnency between the oppositely-directed waves.
There existe an offset frequency, or nonzero beat in absence of sim-
ulated rotation. This offset is a function of the positicn of the

modulator, ss is shown an Figs. 2-9 and A-10,

We note that for a particular modulator arrival phase, the
offset changes liuearly witn modulator position, and the slope is
nearly independent of modulator depth (approximately 3#* k}lz/cm)n We
note further that at any particular modulator position, the offset

for O phase is nearly al and opposite to that for II.

These effects can ‘.2 explained by the fact that the mod-
ulator‘s optical length is a function of time, and for small tunings
of the modulator frequency below axial mode spacing, the pulses arrive
at the modulator slightly before O or II. Thus if the modulator
position moves slightly away from the natural crossing, the oppositely-
directed pulses will rnot arrive exactly simultaneously, will see diff-

erent optical lengths, and hence, will have different optical fre-

QuEencies.

One would expect, then, that the slope of the offset vs
position curves should be a strong function of modulator depth, as
this represents a scale factor for the optical length. A probable
explanation is that, ut stronger modulation, the pulse-crossing
posit:ion is more closely tied to the modulator, so that the pulses

- 20 -
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do not arrive at the modulator as far apart as at lower depths,

an effect which just cancels the length change.

If the offsets for O and I were exactly equal and opposite,
there would be no difficulty, as then one need only measure the beats
at both phases, add and divide by two. Unfortunately, this is not the
case, Fig, A-11 shows the non-reciprocity of the beat, which in the
ideal case would be equal to the beat induced by earth rotation, shown
dotted in Fig. A-11. We note that the non-reciprocity is & function
of modulator position., Previous data, taken under conditions of higher
loss, showed very little variation of non-reciprocity with modulator
position over thLe same range:; however, this non-reciprocity could not

be accounted for by earth rotation either,

It is clear that the O and I cases are treated differently
by the system. The difference results from the fact stated above that
for a small detuning of the modulator frequency below axial mode
spacing, as required to produce pulses in both directions, the pulses
will arrive at the modulator slightly ahead of the stationary phase
points O or M. Thus the pulses see a slight time variation of opti-
cal length and undergo a Doppler shift in frequency. The spectrum is
shifted down in frequency for O and up for II. What this means
is that if the gain spectrum of the active medium 1s not symmetrical,
then the spectra of the two pulses will not have identical or mirror
shapes. There is reason to believe that such an asymmetry is intro-
duced by any means of reducing competition between oppositely-directed

waves, using either magnets or a rixture of isctopes.

The mechanism by which a slight difference in spectral con-
tent between the O and I pulses produces a non-reciprocity in the
offset is believed to be as follows: The optical beum diameter, and
hence the power density, is nonuniform along the lergth of the active
medium. Therefore, because of nonlinear saturation of the medium,
the position of the effective gain center wiil depend upon the detailed
nature of the ampliried signal., The result will be that natural cross-

ing position as determined bv *'he medium may be pulled depending upon
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the detailed shape of the pulsas. A shift im the ratural crossing of
the O pulses relative to that cf the II pulses of only approximately
0.1 mm can account for the non-reciprocities seen in Fig. A-11. A
comparison of Figs. A-9 ard A-1C shows that with rothirg changed ex-
cept the modulator depth, the retural crossing actually moves by
millimeters. Tais resuit is repeatabie, ard in fact, tas natural

crossing is found to move when

(n
ﬂl
5]
j]
—
n
Q
6]
ot
m
‘3
<
w
we
4
o
o
«t
(O]
hr
4]
-
r’
Y
o
m
-
1 0]
[ad
[1]
E

is changed.

c. Rotatior Senszing ard Locking

ct

The bz2at fregquency betwveern sppositely-diraected waves 21as been
measured as a function of z:imulatzd rctaticn rate using tae Faraday
cell. The result, plotted in Tigs. A-12 and A-13, 15 very surprising.
In the © phase case, wasrs ths purises arrive a~ the wcdulator near
maximum length, the beut 15 linsar #ith rotatiorn down to about 500 Hz,
at which point the twrc waver becor: locrkred vogetnszr in freguency and

i
Hly

»a

the beat sigrnal disappszars, 8 an ors would s£p.ct. Howaver,
in the [ phase cas2, altacugh the bkesat signal becczss very noisy ard
distorted below about 200 Hz, luching r2ver occurs ond the nmeasured

beat frequency 15 licear with rotatist Over *he enlir: range!

Ancther, and psssibly r=tated, point i- that the O phase

cage, where loc¥irg occurs, c1ovs aviter:zsis sffscts Orcz locking

has occurred, it 1s rnct paciibiz Io producs unlccoaing unlels ths

simulated rotatior 1% raelsed ' a \ery nlgr vaiug, corresponglrng to a
beat of abzut 13 <z r adawtic-, wnin l-cking hss zccurrsd at O

if the bzar 1: interruptod ard reitcase 1o R locwing wall remain
for several czeonds, oftzr =waich tas D2as frejterey wiil graduaily
inrcrease s tie proper vaile Firalliv, of C-..g N33 cocurred at
0 phase aw: ta. lazer bzaw ov gadulater blae i: intorrupted; tae
locking w1li rerazir, ever .°1 applz=d rotarion, pravided taz ©

phase conditzor -7 reustab,.lghel witd.n €l :ral v2ocras

which form :r <hz KRF 17 *the pr.-or22 of an opricai tanding ~ave,

The s=riatiors produce aniancea soflwction which 1rcrea-<- the coupl:ing
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between the oppositely-directed waves, and thus maintaining the locking.

The striation effect, as well as an experiment to study the
phenomenon and a discussion of the mechanism, has been written up as

a letter [Ref, A-4],

The striation effect offers a possible explanation of the
absence of locking in the I phase case. Perhaps, under the conditions
which would produce locking, striations build up which are of such a
phase that their reflection canceis a2ll oiher reflections, producing
unlocking. This would then correspond to a highly distorted beat
signal such as we have observed, However, we have been unable to

develop a rigorous theory which confirms this hypothesis.

In any event, the absence of lockirg shows promise as a
measure of rotatinn rates, except for two present drawbacks: first,
there is the inherent offset discussed above which prevents absolute
rate measurement; and second, the noise and distortion limit accuracy
to rates o1 about 0.05 mrd/sec. This compares extremely favorably
with the same cavity without modulation, where no beat is visible

below several mrd, sec.

5. FREQUENCY MODULATION

Some e{fort has been given to operation of the ring laser in the
f-m region, ~ith little success. We have achieved mode locking into
a single f-m spectrum which appear- to be quite stable. However,
attempts to measure beat frequencies have been unsuccessful. Work
is continuing in this area. There is some question as to what is the
proper modulator position for best f-m operation, as well as the effect
of cavity length variations. News of any progress in this area will

be available to the Air Force.

6. CONCLUSIONS

The ring laser with phase modulation shows promise as a detector
of low rotation rates. We have found a condition in which locking

does not occur between oppositely-directed woaves, The utility is

- 4L .
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somewhat reduced by an inherent offset which prevents absolute rotaticn
measurer ants, and the sensitivity is limited by noise and distortion,
However, we have seen an increase in sensitivity by a factor of 20

or more compared with the same device without modulation,

This project has proved valuable in providing enhanced understand-
ing of phase modulation and ring lasers in general as well as mechan-

isms within the modulating crystal itself.

Suggestions for furtber study include continued effort in the
f-m region (which we are undertaking in this laboratory), use of
other modulating crystals, and combination of techniques developed

here with those commonly used in a single frequency ring.
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IV. SURFACE WAVE PARAMETRIC AMPLIFICATION
(G S. Kino and M. V Luukkala)

A. 1NTRODUCTION

This project is conzerned with the study of parametric interactions
between surface acoustic waves., The use of parametric interactions
themselves can lead to new kinds of parametric amplifiers, and new
types of parametric oscillators. The oscillators have the advantage
that a surface acoustic wave can be induced into the medium without
the use of a fine pitched transducer

Surface ar o 3ti¢ waves are particularly suitable for the study
of nonlinear eftrects. Because the surlace waves are confined to a
thin layer of the crystal, the energy density associated with the
wave tends to be very high For a 200 MHz surface wave this layer
thickness is approximately ; um Tous, if we compare the power density
in a width of 1 mm, with that in a volume wave of area 1 mm2 , the
power density associated with the surface wave is «0Q times larger
Thus if strong nonlinearities occur with a volume wave at an input
power level of a few hundred watts, the power level tc ostain the same
degree of nonlinearity in a surface wave will be of the order of one
or two watts. At such pcwer lsveis the accustic strain is in the
range 10-“ ~lO'5 Two Kinds of nontlnearities are involved L1} an
acoustic nonlinearity which arises because wren the strain :s large the
medium no lnnger oreys Hook s law, -} an effec' 1n piezoelectric crystals
where the piezoelectric stiffening of the ulvrasomc wave is fairly
large, in which the dielectric and piezoelectric - instants may chance
with the field and with them arso *ne st:1ffeninz and tne s:ind velocity
It is felt, although we .o nst have qgefinite prost rhat the firset

type of noniinearity is the one of most imcortan e




B. FARAMETRIC INTERACTION THEORY

We initially considered the interaction between three signals of

frequencies Wy Wy w3 and prcpagation constants kl » By oy k3
respectively, all propagating in the same direction. Strong inter-
actions should be expected in this case when “B =yt and

k3 = kl 4 k2 » 1a practice, by putting a signal in a surface wave

transducer st u« frequency wy , we were able to observe second harmonic
generation, and were able to observe higher harmonics as well. It was
intendec originally to make a traveling wave parametric amplifier bv

putting a pump in at the frequency «, and observing growing signals

3

and idlers at f' equencies ty and Wy

because of the presence of higher idlers at frequency mo, + Ny

, respectively. However,

which iuleract strongly in this nondispersive medium, parametric
amplification was not obtained.
Instead, we have ccncentrated our efforts in observing and making

use of the parametric interactions between two waves propagating in

opposite directions which have frequencies &y and Wy oy and
propagation constants k. , -k. . respectively. The nonlinear coupling

1 “
between twe ccoustic waves of this kind, then, gives rise to an accustic

strain in the medium at a frequency T U iy with a prop gacion
constant RS . kl - RE - It will be observed that,becasuse th=
velccities of the twon surfece acoustic waves are 1dentical, if

P T the output frequency will be 2o , and the effective
propagation constant of the nonlinear component will be zero. Thus,
if sbouid be possible to detect the acorscic strain at a frequency

2o urd associated electric field se’, up in a piezoelectric plate by
means of metal films dewosi“ed on each side of the slab, as shown in
Fig. 1, when signals ere introduced into the medium on transducers

at each end. Likewise, we would expect that if a signal were piaced
on the acoustic medium at a frequency . and a pump input between the
metal films at the frequency <o , there would be an idler signal
geerated in the opposite divection at a frequency w . Then sing
pulsed ~i-nals, it is possible tc sort out the idler output sepurately

from the input signal.
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We now consider using coupled mode theory, the situation when a
signal of input frequency ¢« and strength As , where the power in
the wave is Ps = 1/2 ASA: , is induced on an interdigital line and
interacts with a uniform field pump at a frequency 2w . The peak
amplitude of the pump field between the two metal films is taken to be
E . If the idler power is P, = 1/2 AjA; ve find the following

b
coupled mode equations between idler and signal:

dA Jk)\E
—~£ 5 JhA v Qb = S A; (1)
dz l
* M X ¥
A, jk) E
i * r
—= + jkA, - OCA, = A (2)
i i s
dz 4

where k 1is the real part of the propagation constant of signal and
idler waves, and & is their attenuation per unit length. The
parameter ) is a coupling constant, which can be measured directly by
application of a dc field to the plate. In this case, with de fierl
applied, it is easy to show from expressions like Eq. (1) that the

coupling equation is

dA

2+ JkA = JE) A (3)
dz

This yields the result that the perturbation in acoustic velocity due

to the application of a dc field E. 1is

0
AV
T = g, (%)
When o < kprle it can be shown that
. cos [I'(¢-2)- @]
la,(z)] = ja {0)] (5)

cos (I'z-9)
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and

. sin I'{1-z)
4, (z)] - [a,(0)] ———— (6)
cos (T£-9)
vwhere
r o= ke(pr/u)2 - o (7)
and
tan § = /T (8)

an'! 4 1is the interaction length. It will be sven that if & is
smzll, oscillations take place if the length of the system is large
encugh, or the power in the pump lavge enough so that Tg > n/2 . On
the other hand, if the attenuation is large, it can be shown that
when @ >>T the ratio of the idler signal at 2z = 0 to the input

signal is given by the relationship

A, (0) KAE
R = D . (9)
A {0) 8a

Thus, the value of )\ can be measured relatively simply by rf measure-
ments or by dc measurements.
More generally, if the signhal and idler frequencies are not equal,

the pump must have an equivalent propagation constant

“p 79
ky o= kg s Ky -k, s - (10)
v
a
where va is the velocity of the acoustic wave. As
'.Dp = wB = LL\l*"LUZ (ll)




-,
:

it follows that

S Y & S RN -
p o R - vkl (12)
and
’~2;, . ’ k
- - i fi (Vakp,wp):l (13)

Thus in this zz2se <o gu=z reudd b2 introduced on a relatively coarse
transducer with 2 it = egnonding to the difference in propagation
constants between *The " we~»:  “g2ver, now, by inducing the pump

on a transdurer . .. 3 .#= *. 3trtain much larger fields between
the interdigizz. Timger: . ? —zy oe only 10-20 u apart rather than
between the two meis. f.iz: « . % are of the order of 1/2 mm apart. It
would be expected thz* ths use =f 2 .oarse transducer for the pump
would give much better seasitivi'y and 1t would be easier to make a

parametric osciliator this way
EXPERIMENTAL RESULTS ON FARAMEIFIC SUFFALE WAVE INTERACTTONS

ihe experiments were carried out using the configurations shown
in Fig. la and ® {(The same configurations were also used in another
experiment to be descriced later). In Fig. ib the interdigital
periodicity is determined bty the Rp -vector The pump was connected
to the central plate electrode through a coaxial resonator or stub
tuner in the case of Fig 1la, two ten finger-pair, 10. MHz transducers
were used at rhe end >f the rods. and the length of the continuous
central electrode was ~ ¢m

Using the configuration of Fig. la., a signal pulse at 107 MHz
was inserted on the input transducer. A pulse of rf at 210 MHz was
inserted on the center plate; the average pump power was a few watts.
A return idler signai at 10~ MHz was observed but because {1) it was
partially masked by the much larger ingoing signal pulse, and (2) plate
mode osciliations at the subbarmonic frequency were excited by the pump,

no good measurements of the amplitide of the surface wave idler could




ey

e CrAb G

: be carried out. When the signal and pump pulses were shortened in

order to separate the idler and signal pulses conveniently on the

Sl s

receiver, the signal-to-noise ratio worsened as predicted by Eq. (2).

Ehb LA

The fact that subharmonic oscillations occurred even without an input

(3P

signal present showed that the pcstulated nonlinearities were relatively

e 2

strong. By covering the surface of the delay line with various absorbing
materials, and using electrostatic probes it was shown that the

g subharmonic oscillations that were excited were volume wave plate modes,
with the s..rface wave transducers acting as poor couplers t.) these

volume waves. The osciliating vehavic( repeated itself at aghout 2 5 MHz
intervals, which roughly corresponded to the thickness of the crystal

From this it was conclnded that subharmonic plate waves were excited

through the acoustic nonlinearity It was alsv observed, that the
subharmonic oscillations died away within 1 or = .sec when the pump was
turned off. This indicates a rather lossy wave with a high nonlinear
coupling. which may be the case with a plate wave near the cutoff,
Because the subharmonic oscillations were not very susceptible to
systematic investigation and because of the large number of poss.ble
plate modes present, it was decided to redesign the system to emphasize
surface wave interactions

The experiment was repeated using the configuration in Fig 1
with a 30 finger-pair 10> MHEz interdigital transduzer as the pumping
€lectrode In this way ‘*he pumping field would be concentrated at
the surface and a better filliing factor woutd result  The 10 MHz
transduier correspondged to a kp -vector of 1 9. « 10 cm-l corresponding
to signal and idler frequencies ar <& and 18 MHz respe.tively with
a pump frequency of -70 MHz  The sighai aad idler were detected using
a 20 Mz, « finger-pair transducer at the ena of the rod

A strong idler was detected and the coupliinz coeffirient was
measured from the i1dler amplitude using an expression similar to Eq '-)

. =10 . .
The measured value aktout * ~ 1 ~ 10 13 scmewhat unrelilablo,

Fal

mainly because the measuresment of the relevart paramersrs could not
nc

n

be carried out accurately as to'h the sizna: 2ad 1dler {requencies wer=w

well outside the -~assband :f the input transducers  However ihe measared




value of ) 1is in the same range as the value cobtained for volume waves
by B. Thompson.

From Eq. (1) it is noted that lossless transmission occurs when
E, = 4ot/Ak, . If @~ 0.8 dB/cm at 220 MHz, we see that the peak
field has to be ~ 120 kV/em, which tends to be unrealistically high
for a grating. It is interesting to note, however, that by using
higher frequencies the threshold could be greatly reduced. In the
present measurements Ep = 7.5 kV/cm at 470 MHz.
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V. SEMICONDUCTOR FIIMS
(G. S.Kino and L. A. Coldien)

A. INTRODUCTION

Last fall a program was initiated in this laboratory to produce thir
films of indium antimonide. The primary purpose of this investiga*tion
was to provide additional material which could be used in an acousti:
surface wave zmplifier. 1InSb was chosen to be fliash evaporated in
vacuum in view of the relative simplicity cf the technique and tne
large measure of success achieved with this material by other experi-
menters., Over the pasc several months apparatus and procedures for
rroducing InSt thi:. fiims have been refined. Initially the effort was
aimed at making high mcbility films 2 1 g4m in thickness. During t‘he
past three months, huggyer, thinner films with parameters suitable for
use in a surface wave a%oust;c amplifier have been sought. Most recentlv,
the work has been direcééd tcward the fabrication of a monolithic acoustice

amplifier.
B. EXPERIMENTAL

The mest significant result of the early work was that the [lasnh
evaporation technique proved s:ccessful. This procedure firsr suggested
by Harris and Siegei’ has proved te be a very successful teckrigue for

2] 3 u
la o )

achievang high quality InSb tnin f:ims. : I'he proceduare used here is

similar to trat used in «rrer iatorarories Gran-.iated InSt soudrce

1. Harris and M. Siegei. J. Appr. Phys. 19, 739 (1948).

S. K. Sharma and V. K. Jain, Sciid-State Electronics (Pergamcn
Press, 1958) Vcl. 11, pp. L42%-428

H. H. Wieder, Sclid-State Eie~tronics (Pergam-n Press, 1954)

Yol. 9. *73-382.
o4

M. H., Francoube and J. E. Jo

demic Press, 199) eds. G. Hass and

o1

-
e

7]

. & of Tean Fiims (A-a-
Vi, 5, o 170,
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: material is continucusly dropped into a tantalum evaporator which is
resistivity preheated to ~ 1600°¢ in vacuum. The sample substrate is
maintained at 500-h00°C to promote orienied crystal greowilh from the
impinging stoichrometrically proportioned vagpor.

i Usine ;;lass substrates supported behird a mask cut in the shape

’ o it samece Dlime ~ 0 oam in thickness were deposited. See ¥ig. 1
* ~

E§ yoorenatt e Ut et wio AfLer the sample cooled to 2507C air was Oay

. oU

3 = el VoL ol Lrno ot T whae pnyer, Tois was

3 -0

' 1] I b e o e "nee leee” oF e 0 dupine
23 _ .

. o”® Yo ror o . J)-,e9 N e LT Tne biws tiuined
an :

¢°.8 ; A exrerin ity ol o, mobisities ~ QU,OUO m Ve,

L0 v Tol el thint Lur apparatus and procedure could
frovie results comparable to those which existed in the literature,
it was decided tc redirect our goals toward developing films which might

be suitable for use in an accustoeiectric surface wave amplifier.

AN e

It may be shown that for reascnable acouastic gain, the conductivity-
trickness proeduct (ed) for the semiconductor film must be < 10 uo
and tne drift moblility (pD) should te z 300 cm2/Vsec.6 It should be
puinted out at this stage that these parameters put strict limitations

ot an InSb fiim thickness Expressing the conductivity-thickness product

a3

ad = gn uDd ’

r
@o can solve for the required thickness. Now for (od) = 10° Tt8)
g=1.6x 10-% , n=3X 1016/cmJ , and pp = 300 cme/Vsec ,

a ma..imum usable film thickness is estimated to be d < 700 2. Figure 2

is a ptot of & versus frem the above equation. Lines of constant

*p
{(c1) are plotted for selected values of n . The experimental dotted

curive tives the maximum Hall mobility, “H , obtained for a substrate

0
temperature cf 400°C and no recrystallization. For lower substrate

2J. A, Carrcli and J. E. Spivak, Solid-State Electronics (Perga-
mon Press, 1958), Vol. 9, pp. 383-387.
]

T. M. Reeder, private communication.
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temperature, lower mobilities are observed due to an increase in the
pelycrystalline nature of the films. Due to their extreme thinness
and a2 desire for very flat film surfaces the films are no longer re-
crystallized following deposition.,

To date several films have been deposited on quartz and microscope
slide substrates, satisfying the minimum criteria on u and (gd) .

In most cases the procedure yields high purity materiai. TIn fact, the
carrier concentrations, as estimated from Hall and conductivity measure-
ments, are usually within a factor of tnree from the starting material
(n=2x 1016 cu.3 ai, rocm temperature). However, in practice diffi-
culties arise from variatious in thickness despite the installation of
a laser transmission monitor. This is pramar.ly vecause the (gd) pro-
duct is quite sensjtive to small deviaticns in tiackness It has been
observed thai the conductivity is also a function of & and, moreover,
the first ~ 100 £ of the film is sema-insulating.

The presence of the semi-insulating layer possibly mey be explained
by the existence of trapping centers asscciated with substrate-Tilm
interface defects. The presence of surface related trapping states
~.1so might explain the low carrier concentrations observed at TYOK
with our thinnest samples. Figure 3 gives a plot of conductance versus
reciprocal temperatare for several samples,

The separated medium surface-wave-acoustic amplifier requires ‘nat
a semiconductor film be brocught to within several hundred angstroms of
a piezoelectric material which 1s propagating an altrascnic surface wave
But, mechanical contact with the piezoelectric delay line must be avoided
in the active region. Hence, electrical ccntacts at tne ends of the
semiconductor film cannot extend more than a few hundred angstroms from
the active surface of the film. To avoid this centacting problenm we
have been using substrates with beveled ends so that the ceontvact can

3

lustrated in Fag =+ To

por)

be made away from the flat surfacc, as i

-

over which the film is deposited ioes not appear ve affect “ne senm.-
conductor properties.,
Another criteria which tne film mast mec® t¢ be saitable for wse

in this amplifier is an ability <o withstand nigh iraft fields. To
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achieve terminal gain in the amplifier, it is believed that electric
fields of the order of 3 kV/em will ve required. During acoustic tests
it has been denionstrated that fields of this magnitude can be sustained.

Amplifier tegts have been carried out on several films, and acoustic
gains of a few dB at 1000 //cm have resulted in most cases. Since rigid
substrates of lrm thickness were used in all these tests, it ic velieved
that some degree of mechanical contacting has always taken place when
the film was brougnt ciose enough to obtain interaction, Similar results
have been observed with silicon on rigid sarphire substrates in the past.
We are planning to use a more fiexible glass substrate 10 mils thick in
the future.

Most of the present vork is being directed toward the development
of a roneolithic acoustic amplifier. In short, this means using the
piezoelectric delay medium as the InSt film substrate. Lithium niobate
is & very zcod material for elecirical coupling to surface waves and for
this reason it is presently being used exclusively for surface wave
acoustic amplifier tests in this laboratory. However, we have found that
Infb cannot be directly deposited on lithium niobate when it is heated
te 400°C in vacuum because of oxygen sublimation. We have found that
one way of carcumventing this problem 1s to coat the surface with ~ 200 R
of 8i0. With this barrier luayer in place a few oxide free films have
been deposited. The electriacal characteriscics of the first of these
sumples was similuv to those obtained using glass suostrates. Jt should
be pomted out, hceever, that most of' the evaporation trials resulted
1r oxidized films, so that additional techniques for eliminating this
problem are being considered. Contacts for this configuration can be
mede most easily by doping a narrow strip at each end of the film with
irdivne,

In the near futurc we lLelieve a good InSb film can be deposited on
a Lithiwn nicbate deley line. This will give us the upportunity to
compare the charscteristics of this monolithic device with the theory
and dctermine the feagibility of the confliguration. ilependisg upon the
behavior of the Inlb - lithium niobate amplif’er it wiil be dec:ided

vhothier 'o continuge to use these umarerials or to censider cther
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3 semiconductor and/or delay line materials. Since the flash evaporation
: technique worked successfully with most of the III-V compounds ,7 it

1 should be a minor effort to convert to the use of GaAs which has a

i: much lower intrinsic density than InSb.

:

J

%'

3

TE. K. Miller, J. Appl. Phys. 35, 580 (196%).
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VI. SUBMILLIMETER WAVE GENERATOKR

(H. Heffner, R. Meserve)

A. OBJECTIVE

The intent of this project was tec utilize the differences in
reiaxgtion time of mclacular encrgy ievels to produce a population

inversicn in a flowing gas.

B. FINAL SUMMARY OF WORK

We have underiaken the iheorefical study of the processes which
control the buildup or decay of the peopulations of the vibrational
levels of a molecule ana studied the interrelations of these processes
with each other. We chose to focus on the 002“N2~He mixture because
the current inter&st in these gases h;s generated an abundance of
information in “he literature.

In previous sratus reports we cutlined the important relaxation
processes which couple vivrational ievels 1n the COZ-NZ-he system,
and on the basis of rhese processes, we constructed a sot of rate
equations. ©Given the starting conditions of the system and the changes
of the parameters over time, the rate equations erable the determina-
tion of level popuiations at any instant of itime, and consequently the
gain of the system. The solution of these nonlinear e juations was
attained numerically by the use of Hamming s Predictor-Corrector
merhod. As outlined iu previous reports, we veed our rate eguaticns
to model vhe gas transport laser of [iffany., larg, and Fosterl’z anrd
al'ann-d excellent egrsement with their experimenval data. We then
extended our model to study *he 1sentropic flow of the COZ-NZ-He

mixture thrcugh a high velocity unozzle. The nozzle serves 1o cool the

lw. B. Tiffany, R. Targ, aad J. D. Foster, Appi. Phys. Letters 15,
p- 91-3 (1969..
4. B. Tiffany, private communicasion {1969).
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kinetic temperature of the gas, and if the cooling is fast enough, can
leave the CO2 in an inverted state. The calculation for a mach 3

Our
success with these two cases assured us that our model was fundamentally

sound and that we could accurately predict the transient and stable
level populations in a gas system.

nozzle yielded both reasonable inversion and gain for the system.
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