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I-1. INTRODUCTIOU

A study of ultrasonic waves in materials must of necessity inclﬁde
phonon intersctions with solidsf Tn certain materials, the strongest
interaction affecting ultrasonic properties is lattice-charge carrier
coupling. This, for example,‘occurs in piezoelectric non-insulating
solids such as CdS and GaAs. Since these matefia;s are also photo-
conductive, the magnitude of the lattice-charge carrier interaction may
be modulated with external illumination. This.provides'an effective
means of #arying the ultrasonic properties'of a samplgf In this sﬁudy,
these effects have been utilized to investigate both phonon-charge
carrier interactions as well as ultrasonié resonators ihemselves. -Resuits
of this research have verified sensitivity enhancement factors predicted
by one-dimensionsl resonator theory and hﬁve led to the development of
several sensitive ultrasonic experimental fechniques, one of which ﬁas
selected by Industrial Research magazine for the IR~100 awﬁr@l in 197L.
In addition, measurements are repdrteﬁ of an ancmalous sign revefsal of
the acoustoelectrié voltege in a CdS resonator. Applications of CdS as
an ultrasonic power detector are described.

In secti&n 1-2 ultrasonic resonators are analyzed using one-
dimensional theoryz. The results of this analysis predict conditions
for optimum sensitivity to changes in ultrasonic parameters. Senéitivity
enhancement faétorsa’h are derived and releted to changes in absotption
and dispersion for several experimental techniques. A technique ié |
described for obtaining pure absorption or disﬁersion signals by uéing
zero crossings in the sensitivity enhancement factors. The one-
dimensional rescnator theory can be verif‘-iedl‘L by producing pure

absorption or pure dispersidn physical changes in the resongtor., These



conditions are nearly achieved wifh the ultrasonic celibrator (segtioﬁ
III-2) which mekes use of phonon-charge carrier interactions in Cds.
Experimental meagurements obtained with the calibrator verify sensitivity
enhancement factors predicted by theory.

Section IT describes in detail two new experimental instruments.
One of these is a refinement of a spectrometer described in reference 5,
while the other is a new system co-developed by this author and other
researchers at Washington UniVersityé.l The first instrument is a
hybrid of pulse echo (PE) and continucus wave (CW) systems and is
called a sampled CW spectrometer (SCW). It not only combincs attributes
of PE and CW spectrometers, but also eliminates some of their dis-
aedvantages. By its very nature, PE systems cannot produce monochromatic
phonons and therefore measurements using such a system can lead to

inhomogeneous broadening7

of nerrow resonant phenomena. o spectrometers
suffer from "crosstalk"-(electricai leakage‘afound the sample) which can
be serious for thin lossy materials. The SCW,‘however, produces as
monochrometic a phonon as desired and without "crosstalk” interference.
The second instrument described is a trensmission oscillator
ultrasonic spectrometer (TOUS)G. This device exhibits high sensitivity
because it utilizes maximuﬁ sensitivity enhancement as well asam&rginal
oscillation. In spite of its high sensitivity, the TOUS system-ié
relatively simple, compact, and inexpensive. A cohcept is examined
using this technique for the detection of particulate and gasecus
aglomerations present in flowing fluids. This concept led to the
development of an ultrasonic device which monitors microeﬁboli in bleod

during heart-lung bypess surgery. One compenent of thig system is an

amplitude regulator8 used to maintain stable merginel oscillations.



3
‘Tests of the regulator demonstrate that it also can be used with RF
signal generators to reduce spurious amplitude modulations by two orders
of magnitude (to less than 10 microvolts AM).

Section III presents details of the phonon-charge carrier inter—
action inVCdS with applications for ultrasénic calibration énd ultra~
~ sonic power {nonphase sensitive) detection. In III—l the theory of
Hutson and White9 is exsmined and relstionships between absorption,

" dispersion, and conductivity presented; The effects of sensitizing
centers is discussed and shown to ﬁroduce an effective érror in
absorption and dispersion measurements.

Sectioﬁ I1I-2 describes an ultrasonic calibration devicelo’ll
based on photogenerated charge carriers in piezoelectric crystals.,
Unlike previous calibration techniques, this system utilizes real
physical changes in absorption and disgergion. Therefore, this system
produces not only typical insertion loss calibratidhs but also time
domain decay and frequenc& domain linewidth caiibf&tions. In addition,
the sensitivity enhancement factors and backgrbund attenuation are
adjustable to those of the sample being éalibrated. Thus, an ultrasconic
experiment can be evaluated and optiﬁized fbr a particular samﬁle.
Figures are presented of absorption changes down to 10—5 cm.-l and -
phase velocity changes to less than 1072 cm/sec.

In section III-3, the thoery of the acoustoelectric effect is ap@lied
to a (48 resonator., The effect vhotogenerated carriers play in the
acoustoelectric voltage is examined. Non-uniform charge-~carrier
density is experimentally shown to produce an snomplous sign reversal
in an acoustoelectric resonator. A model is developed usiﬁg non—uﬁiform‘

charge carrier density to optimize the amplitude of the acocustoelectric



L
voltage. Since the generated foltage is proportional to the incident
acoustic flux, the effect can be used as a sensor of ultrascnic powerle.
This concept is-examined for parallel and nonparallel quértz‘samples
using PE ﬁnd SCW spéctrometers. The benefit of non—ph&Se éenSifive
detectors such as this power detector 1s the absence of phase modulation
effects. Experimental data demonstrate superior SLgnal characterlstlcs 

Tor the power detector when compared t0 conventional plezoelectrlc

[ gystems.



I-2. RESONATOR THEORY, SENSITIVITY ENHANCEMENT FACTORS
I-2-1. BACKGROUND

The field of Ultrasonics is taking a prominent role in applied
technology measurements. What were state of the art material physics
laboratory measurements of thirty years ago ﬁan be cagried out today
with off the shelf'equipment. For example, the pulse echo techniques

‘developed in the 19&0‘513’1h’l5

for the study of solids and organic
liquids sre in use today in rural communities for measuring fat on
1ivestockl6. The rapid introduction of sophisticated laboratory |
equipment into the public sector has 1ed to thg development of ﬁany
types of ultrasonic measurement systems.

One class of Ultrasonic measurements is the Continuous Wave (CW)

l.
resonant technique 7’18’19. This method has. the distinction of being

able to genefate monochromatic phonons. -In addition, both in-phase
(absorption) and guadrative {dispersion) measurements are possible at
the same timego. One critical part of the CW resonant technique is
the rescnatpr itself. Specifically, resonastors are widely used to
improve the sensitivity of measurements to changes in absorption and
dispersion in acoustic material.2 This is especially true in the’field
of solid state physices where changeé in paremeters of one part in 10
can be significant. These changes are due to many different inter-
actions in a specimen, for example nuclear acoustic resonance (NAR),
Alpher-Rubin effect, phonon coupling to the charge carrier system,
acoustic paramegnetic resonance (APR), and many others.lT Even though

there exists a variety of physical interactions producing these changes,



6

the role of the resonator in each case is the séme§ It is therefore
important to have a theoretical understanding and experimental verifi-
cation on the role resonators pley in ultrasonic signal enhancement.

In this section are presented experimental curves of the sensitivity
enhancement line shapes. These line shapes are predicted from a
theoretical analysis following a model described in references 2, 3, L and
17. The experimental procedure used in obtaining these measurements
involves ultrasonic coupling to light-induced charge carriers in Cdd
"(See section III). In this procedure, light incident on the‘CdS changes
its conductivity which leads to changes in the material's ultrasonic
properties. These effects are used to séparate the absorptive and

dispersive effects.

T-2-2. THEORY FOR ONE-DIMENSIOMAL ULTRASONIC RESOKRATOR

The model used fdf this study is an idealized one—dimensidnal
acoustic resonator, shown in figure 1. This model consists of a
cylindrical resonator of'length a/2 with flat and parallel faces,
one of which (x = 0} is driven by & coswt disturbance. This disturbance
results in a damped traveling acoustic wave exp(-ax)cos(wt - kx)
propagating in the material. In this equation, the characteristic
attenuation per unit length is expressed by o0, and the acoustic wave
number is expressed by k = w%$-=l-$— where v is the acoustic phase
velocity.

By assuming perfect reflection at the x =0 and x = a/2 face,
the particle velocity amplitude A at x =0 is found by the super-

position of all the partial waves present at x = 0. As shown in

reference 2, the complex particle velocity amplitude at x = 0 is:



iwt -ax . i{wt-kx)

e ) . e e | g

e-aaei(wtjku) - ——l—~

-2aa _ilwt-2ka) el

e e — —

~-3aa i{wt-3ka) { "

o B |
ULTRASONIC RESONATOR
Figure 1) One dimensiopal isolated resonator showing several

partial waves. Waves are actually parallel to

resonator axis but displayed non-parallel for'clarity.



- iwt - -
A(t) = e {1l + [exp(-ca + ika)] + exp [-2(ca + ika)] + . . .}
(1-1)
For the case of o » 0 this becomes
A (1) = e ¥T/(1 - exp - (0a + ika)] - ‘ (1-2)
‘and the real pafficle velocity becomes:
A=Re A= A, CcOSWT + Aésian : (1-3)
where
Al = (e”” - coska)/2(coshoa - coska) (I-L)
A, = Sinke/2(coshoa - coska) o | (1-5)

Note in equation I-3 that the A, term is in-phase with the cosuwT

1
driving disturbance while the A, term is advenced by 90°. The particle
velocity’resPQnse as a(fuqction of fiequency consists of a series of
standing wave or mechanical resonances whose frequenCies correépond to
the condition that the,léngth 1/2a of the érystal be equal to an integrsel
nuﬁber of half-wavelengths of ultrasound. |

Using‘a phase—gensitive or bridge—type detection scheme one may
measure either the in-phase (Al) or out—of—ph&se‘(ﬂz) cbmponent‘of the
" response. With linear diode detection, one obtains only the magnitude

1/2

|a] = (Ai + Ag) , where

|a] = exploa/2)/vV2{coshaa ; cc:xs,kaa.);]“/2 o (I-6)
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Tf one uses a bolometer or some other power-sensitive detector (e.g.,
a diode operated in the square-law region), the appropriate quantity
is |A|2 as shown in reference 21.
If the normal assumption is made that «aa<<l and that measurements

are made near a mechanical resonance, equatious I1-3, I—h, and I-5 take

the simplified form:

2 p.1/2 1
Al = (A + A) = - I-7)
|al = (a] + A, Can)Z + &2 (x - km)%]l/z (

(0a) + (k -k )" & .
m
(k - k )a ,
m
A = _ (1-9)
e (aa)2 +(k -~k )2 32
. m
: w .
where kﬁ = —;E"and W = ¥ related to the mth mechanical

resonanc_e.T Although these simplified equations are valia for many
situations, for completeness, we continue with the more exact form' as
well as the simplified form.

Ekpérimentally, one frequently selects a particular mechanical
resonance and monitors the response at a fixed frequency on that
resonance as a function of small changes in acoustic attenuation
{absorption) and phase velocity (dispersion). Under theée cbnditions,
and for sufficiently small changes Aa and Ak in the acoﬁstic
properties, the corresponding changes in the response are given approx-
imatelj by:

DA A,

z 1 1 ' -
AAl 5 Aa + = Ak, . (I-10)
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_ oA oA,

AA2 R Ao, + Y Ak, | . ~(:[_.13_) :
where

BAl - BAQ e L~ cqshaacoska (1.12)

3 ok 2 {coshoa — coska)z, -

Efl = BAE _ ", ginhoasinka

3k oa 2 - 5 (1-13)

(coshos - coska)
and
3|A] " 3lA o

il o MAL ol )
where

alal _ aexp{-aa/2)-exploaf/2)coska ‘ '

30 ' ~3/2 (1-15)
2/vV2(coshoa - coska)™ " -
‘ - .
8Li] - aexploa/2)sinka (1-16)

2/V/2(coshaa ~ coska)

The simplified equations for these partial derivatives becomes:

2 2- 2
aA 3A afa®(k - k )° - (ca)”]
'B—OLL - - == = ) (I-17)

% [(0a) * (x - )% 87

2
OA, 3A2 ) -al20a” (k -~ km)]

% () 4 (k- k)2 a%]

(1-18)
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e ey (T-19) -
2
(k ~ k)
3]sl - L (1-20)
da [(aa)2 + (k - km)2 a2 3/2

I-2-3. VERIFICATION OF SENSITIVITY‘ENHANCEMENT'FACTORS

The ultrasonic resonator used to verify the sensitivity enhanéement
factors econsists of a flat and parallel single-crystal gpecimen of
photoconductive CAS to which was bonded & 10-MHz x-cut quartz fransducer
so that longitudiﬁal ultrasonic waves could be propagated along the
direction of the C axis. (The effects produced by the presence of the
transducer, which are unimportant to the ﬁlSCuSSlon here, are con51dered
in references 2, 17, 22). Ultrasonic waves intersct with the charge carrier
sys£em of the CaS by the piezoelectric coupling mechanlsm.g Since the
CdSJSPecimenlis photo;onductive,ﬂsmall changes in the light intensity
incident upon the specimen result in changes in the charge carrier sysﬁem,
which in turn change the acoustic properties bf the‘resonator. The
phonon-charge carrier coupling and the photoconductivity of CdS has
peen used to develop a gquantitative ultrasoniec calibr&tor,lo’ll the details
of which are reported in section IIT~2. The small changes Ax eand Ak
needed to experimentally verify the gensitivity eﬁhancement fectors of
equations I-12, I-13, I-15, and I-16 were-produced‘with the aid of this
calibrator.

The experimental arrangement used to obbain the line-shapes is shown

in figure 2. The ultrasonlc response is generated and detected by means
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of a sampled cw ulirasonic spectrometer?.- Either Al or Ae may be
selected by the appropriate adjustment of the phase shifter in the
reference arm of the double balanced mixer. The magnitude |A| of the
acoustic response is obtained by substituting a2 simple diode detector
after'the RF amplifier in place of the double balanced mixer.
| The ﬁackground ultrasonic properties of the resonator are determined
.in part by the setting of the dc level control (See figure 2) which fixes
the average light intensity incident upon the CAS specimen. Smail
sinusoidal variations in light level are superimposed on this average
value by the action of an audio oscillator whicﬁ also serves as the
‘reference signal Tor & synchronous amplifier. Depending upon the
. setting of the dd level control, these sinusoidal variations in light
Jevel produqe corresponding variationsrin either the ultrasonic atten-
uation or the phase velocity, or in both of these. The corresponding
changes in the acoustic response AAl, AAE’ or AIAI are amplified and
detected with the aid of the synchronous amplifier and diéplayed as a
fundtion of ultrasonic frequency on an x~y recorder.

The abscorption and dispersion sensitivity enhancement factors
o|a]/3a and 3|A|/9k predicted by equations I-15 and I-16 are presented
in figure 3, for a range of frequencies near a particular mechanical
resonance. A plot of |A] over the same range is superimposed in the
figure. IThe greatest sensitivity to absorption is seen to occur athhe
frequency corresponding to the peak of the mechenical response. (We
note that 8]A|/da is negative for all frequencies since an increase
Ax in attenuation results in a decrease in ]A[.) .Further, the dispersion
sensitivity factor 3[A|/3k vanishes at the point where 3|A[/da gives

the maximum absorption signal. Thus a pure absorptioh signal is obtained
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vhen the spectrometer is tuned to the center of a mechanical resonance

. Examination of figure 3, however, indicates that

monitored via 1A
there is no point on the IAI response where one canrobtain a pure
dispersion signal.

The'predicted lineshapes for both the absorptive (d]A|/3a) and
dispefsiVe (3]A]/3k) sensitivity enhancement facfprs were experimentally
verified. The theoretical cubves arerplottea using experimentally
determined parameters for background attenuation, sample length, and
velocity of sound, all known to better than +1%. The data for
8|A1/Bu are shown in figure 3. Agreement between theory and experiment
is seeﬁ to be‘éood. Because of details rélﬁtéd'tortﬁe bpef;tiéﬁ of the
cds ultrasoﬁic calibrator, the data for the 8|A|/Bk héd to be gbtained
using a value of béckground attenuation different from that usedlin
figure 3. and thﬁs could not be displayed on the same horizontaljscale.

in fiéure 4, the aggeeﬁent between theory and experiment fof ‘
3]A|/3k is alsc seen to be good.

The'preaictgd absorption and dispersion senéitivity enhancement factors
BAl/au and Bﬁi/ak are shown along with the éorrésfondingﬂexpefiméﬁtal |
data.in figure 5. The data are iﬁ good sgreement with the predictions
of equations I-12 and I-13. The greatest sensitivity to absorption
again occurs at the center of the mechanical resonance. Since BAl/ak
ié zero at thgt frequency, a pure absofption signal is obtained.

Of particular interest here is the existence of zeros of absorptioen
seﬁsitivity. These ocecur at frequencies such that the observed
amplitude of Ai_is approximétely oné—half of its méxiﬁum #mplitudé.
Physically, the zero-crossing of BAllaa can Be interﬁreted in the

_ following way: A small increase in attenuation produces both a
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decrease in peak height and a broadening of the curve. This broadening
results in an increaseq amplitude for the wings of the curve Al, even
though the central por;ion of the curve is reduced. The zereos of the
absorption sensitivity occur at those points in frequency where
the decréase in amplitﬁde resulting from the decrease in peak height is
exactly canceled by the increase in amplitude due‘to the broadening;

A comparison of the results presented in figires 3, L, and 5 indicates
‘that one ﬁay obtain dispersion and absorption data separétely by
monitoring A, . whilé this is not *he case if one monitors [a]. The
dispersion sensitivity BAl/ak is slightly less {~25%) than its
greatest value when the frequency is adjuste@ to a point of 2ero
abasorption sensitivity (see figure.S), but this slight decrease is
warranted in order to obtain pure disperéion data.

'In practice, é scheme is used which obtains simultaneocusly pure
absorption and pure disPefsion déta, both.ét their maximum theoretical
sensitivity. Moreover, this arfangement.includes g feedback loop
which serves to lock the frequency of the oscillator to the desired
point on the mechanical resonance. This scheme uses both tﬁe in-phase
signal Al as well as the out—qf—phase signal A2 desaiibed in equations
I-8 and I-9. The experimental arrangement is as follows: Two indepen—
dent phase-sensitive-detectors of the type shown'in fiéure 2 are utilized.
The reference arm of one is adjusted tb produce an Al_re3ponse, vhile the
reference arm of the other 1z adjusted to yiel@ A2. The frequency is
tuned to_coincidé with that of the center of the mechanicai resonarnce.

As shown pfeviously, aAl/Ba provides its greatest sensitivity while

BAlfak is zero under these conditions. Thus one obtains a pure

absorption signal at maximum theoretical sensitivity from the“Al
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monitoring unit. Referring to eQuationé I-12 and I-13, however, we
. potice that BAz/ak_is at its greatest sensitivity while 3A2/8u =0

at this same frequency. Thus the‘A2 monitoring unit simultaneously

provides a pure dispersion signal, this algo at its maximum theoretical

gensitivity. The A_ monitoring unit also provides the correction

2
voltage for a frequency locking scheme which has been discussed else-

2
i where. 3
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IT. ULTRASONIC TECHNIQUES AND APFLICATIONS
II-1. SAMPLED GONTINUOUS WAVE ULTRASONIC SPECTROMETER

In this section, twe new ultrasonic measurement systems are
described in detail. One of these is a refinement of thé SCWS’lT ‘
system while the other is a new system6 based on marginal osciilation'
.techniques with meximum sensitivi£y enhancement2 (see section I-2).

EAn RF amplitgde regulétion sysﬁema is ﬁresenfed and its application td
the new spectréméter is described. Finally, a?plicafions of the new
spectrometer in the medical 3zector are demonstrated along:witﬁ a dis-
cussion of current research applications of the new spectrometer for
NASA. .

The two major égtagories of ultrasonié spectrometefs are pulse-
echo (PE) and contimuous wave (CW). Sophisticated systems of each tyﬁé.-
have‘beén ﬁsed extensively fbr'physics.reséarch. However,:there ﬁfe
drawbacks to each basic system, By its vefy.nature, bulsg—echo systems
cannot produce monochromatic phonons thus direct measurement of narrow
resonant phénbmona {e.g. Nuclear Acoustic Resonance) are difficult since

T of the response. Most

the narrow pulse leads to inhomogeneous broadening
‘CW techniques do not have the same drawbacks as pulse-echo sysfems.
However, since these systems are typically used for transmission -
resonance, they have the problem of "crosstalk", which is electromagnetic
leakage around the sample. '"Crosstalk" is especially serious for thin

or very high loss specimens. The problems associated with ﬁcrosstélk“

are presented in references 19 and 2h and are shown to be a limiting facfor

in the use of CW systems. A recently developed ultrasonic techniqu.es’rZ

v
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has combined some of the attributes of pulse-echo with‘CW in a system
called a Sampled Contimuous Wave Ultrasonic Specﬁrometer (sCW). Thisd
sfstem is capable of producing a monochromatic phonen without the
problem cf "erosstalk".

The SCW is a stimulus response type of measurement system but does
not use the very narrow RF pulse used in PE systems, Simply, the SCW
uses a wide stimulus pulse and thenlmeasures;the decay of the resulting i
acoustic wave. :This can be related to'the CW system described in section
I-2 by lookihg at equatioh I=-1. The infinite summation shown iﬁ this
equation is the superposition of.ail the waves in the resonator (see
-figune‘l). In contrast, in an SCW system, fhe series is terminated at

the instant 1. when the transmitter gate (see figure 6) is closed. At

d

the instant Td the first term in the series vanishes. At a time

Tt =T 4+ Ts (where T = %— or one "round trip" reflection time in the

2> Therefore, the decay

rescnator) the secoﬁd term vanishes, and so om.
of energy in the ultrascnic wave appears as a series of steps corresponding
to terms vanishing in the infinite series of equaticn I-1. The resulting
signal.may be compared With CwW signal by sampling the decaying signal,

In fact, it is possible to cbtain good agreement with the superposition

theory by sampling an interval in the decay as close as possible tq

T4 -and by making the interval wider than several T. The early sampling

does not permit too many terms in the series to "turn off" whereas the

interval width averages the acoustic information during the interval.

Therefore, the SCW is a system capable of measuring the acoustic response

of a resonétor without the proﬁlems of "erosstalk” or.nqnwmonochromaticity.
The SCW system reguires a precise sequence of gating pulses to ‘

control the oscillators, amplifiers and signal samplers. Referring to
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figure € égain, a repetitive pulsé frain mist first turn on the RF
(open the transmitter gate}, turn off the RF and delay a short time for
the electronics to'stop ringing, and open the réceiver gate so that the
RF ultrasonic decaf can be amplified and detected. Finally, the deteéted_
51gna1 mast be sampled so that a voltage correspornding to a time in the
ultrasonic decay may be recorded. The two ba51c components of this
system are the timing_generator and the video sampler as shown in
.figure 6. In eddition, a signel processing system is often useful to
.band pass the sampled signal, to prov1de a ramp generator to sweep the
frequency of the RPF oscillator, and to generate an exponentlal decay
electronic signal which may be compared with the ultrasonic decay signal.
Thereforé, a séhematic of the signal processing system 1is included for
completeness along WiFh a compiete descriptioﬁ of the basic cbmponents.

The timing generator sﬁown in figure T, provides the various

syne pulses and gate pulses which control the SCW. We follow & pulse
through the system to understand how it works. A (+) pulse into the
schmidt trigger produces a bypolar pulse, which is differentiéﬁed and
the leading (+) edge triggers a fast NOR gate (380). The 380 output is
a fast (-) spike which starts the first "one shot" monostable.multi—
vibrator (362). The cutput of the 362 is & square pulse whose length
is determined by e#ternal resistors aﬁd capacitors. In zddition to
the normal X output of the 362, a complement X output is provided which
both fires a 356 line driver for a master sync pulse as Well as firing
the next 362 - the transmitter logic. The fall of the transmitter sguare
pulse triggers a delay logic 362, the fall of which triggers the fecéiver

logic. Both the transmitter and receiver use current limited line
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drivers (2N2219) to protect the RF electronic gates (double balanced
mixer modul&tors) ffomlburn-out currents. An auxiliary 362 gate is
available for controlling scme other Parf of the experiment - i.e. &
gtrobe lamp, a magnet, or some other stimulus.

Thé other logic function of the timing generator,is related to
its input‘mdde; KAn input mode switch selects either internal, exﬁernal
or 3 sine input modes. The internal mode uses the unijunction transistor
oseillator (UJT) as z master clock to run the rest of the dircuitry.
The external mode reqﬁires a periodic external 6 volt (+) pulse to act
as the mastgf clock. In any of the sine input modes, an externél sine
wave acts as the master- clock. The zero crossings of the sine wave
produce sharp (+) spikes out of the sine-digital converter for the
schmidt trigger‘inﬁut. In the sine 1 position, the transmitter fires
with each zero crossing so that an electronically ggneratéd expdnential

can be produced every receiver pulse. In the sine 2 position, the

transmitter fires every other zero crossing with an exponential generated

oniy at the time of thé rebeivef puise following the transmitter pulée.‘
In the sine 3 position, the trdnSmittef fires every other zZero crossing
with an exponential generated only ét the time of the receiver priof'
to the transmitter pulse.

The thrée sine inputs are designed to facilitaﬁe daté processing.
In sine 1, the electronically.generéted exponential méy be compared with |
the ultrasonic decay or may be subtracted from it for the measurement

of small changes in signal. 1In sine 2 position, measurement of the

signal is followed by cone of the noise so that synchronous detection

may be used to enhance weak signals. With the electronic exponential, .

sine 2 position is used to semple changes in gsignal and then noise by
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subtracting fhe electronic from the ultrasonic exponential., In effect,
this transforms the signal back to a zerolfoltage signal reference.

Sine 3 differs ffom sine 2 in that the noise is transformed up to the
signal.level rather than the signal being traﬁsformed to the noise level.
- The sine 3‘position is useful for recording the signal level as well as
changes in the signal level,

The second major component of the SCW is a high speed sampling
system similar in nature to a sampling;osciliosc0pe‘ The sampler, shown
in figure 8, is interconneéted to the timing-generator so that a
measurement cf the input signal {a detected ultrasonic decay) is made at
a chosen time.after the receiver gafe opens. The logic of the sampler
can be described by fbllowing its reaction to a repetitive pulse at the
sync input. The trigger ieVel and polafity'are adjusted at the input of
a T10 voltage comparatérl, When triggered, the oupput pulse of the T10
‘is‘differentiéted'and'the {+) paft‘sets:a control flip-flop, iights'a.
sync indicator lamp, and starts the.fést ramp genefator.

p]

The generator Qroduces a fast ramp (S”x 10—"2 to 1'x 10 seconds)
whiéh-is‘compared:to s slow ramp (0.5 - 4 minutes) started by a switch
on the front panel, Wheﬁ the 2 rampélhéve the same output voltagé,

the ramp comparator_?lo initiates the measuremeqt of the input signgl
“(video A Qr‘B). _Aé the slow ramp increases in voltage, the measurement
.is taken laﬁer in the fast ramp sweep so that eventually measurements are
taken‘from theQbeginning of the fast ramp to the end of the fast ramp{

If the fast ramp output is used to.sweep the horizontal axis of an
oscilloscope with the video A or B used to drive the vertical axis, use

of the slow ramp as described above corresponds to measuring the entire

input signal displayed on the séope. When used in. this fashion, a
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blanking pulse is provided to turn off the scope trace during the reset
of the feet ramp. |

In addition to the blanking pulse, a strobe pulse is available
for use with a scope. The strcbe 51gnal intensifies the area of the
display after the sampled measurement is taken. The strobe pulse starts
a monostable multivibrator (362) whose output width is adjustable and
controls the sampler‘s measurement window. The sampler is & Burr Brown
‘sample and hcld module which tracks the 1nput 51gnal durlng the duratlon
‘of the strobe pulse and holds the last sampled value thereafter. An
integrater is inserted at pin 28 of the sampler for measurements whlcp
requlre time averaging of the input signal. The time constant of the
integrator is chosen to corresPond to the measurement w1ndow w1dth The
remainder of .the sampler system con51sts of two 1dent1cal 1nput attenuators
(A and B) in steps of 1, 2, b up to 400. These two'inpﬁts are‘connected
to. a dlfferentlal MOSFET hlgh 1nput 1mpedance deV1ce and ampllfled by .
‘a two stage 733 v1deo amp. The signal is buffered to drlve an. output and
the sampier moduie. |
The sampler_s&etem cen be operated in 3 modes wﬁieh control the

slow remp generator. The modes are "off",-"scan",:&nd "manual'. In‘the
"of £ mode a_sample is taken at the eame time as the sync_ipput pplse‘
{neglecting anj_propagation delay). In the "manual" mode, & sample is
takep at any set time during the fast ramp. In "scan" mode, & sample

is teken from the beginning to the end of the fast ramp by consecutively
sampling later with each sync pulse. By connecting the slow ramp out.to
the X axis of a chart recorder and the eempled video out to the v axis,
a complete plot of the input signal can be obtained (for the duration of

the fast ramp).
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The signal precessing section shown in figure 9 of the BCW
system consists of a band pess filter (an integrator), a ramp generator

and an exponential generator. These circuits ere straight-forward and

reguire no addltlonal explanation.

Figure 10, is a photograph of an SCW system complete with a step—

wide ultrasonic decay displayed on the scope.
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Y By

RAMP__GENERATOR

EXPONENTIAL  GENERATOR

Figufé 9) Schematic diagram of the signel processing section
of the Sampled Continuous Wave Ultrasonic Spectrometer.

Component values shown in olms and microfarads.



31

Figure 10) Photograph of a Sampled Continuous Wave Ultrasonie
Spectrometer (oscillator not shown). A resonator
exponential step-wise decay obtained with this system

is shown on the oscilloscope.
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TI-2. TRANSMISSION OSCILLATOR ULTRASONIC SPECTROMETER

The second ultrasonic measurement syétem to be described is a
Transmission Oscillator Ultrasonic Specirdﬂéter‘(TOUS)6. This CW’
device exhibits high sensitivity because it-ﬁtili?es maximum sensgi-~
tivity énhéncement as well as m&rginal oscillation. In spite of its
high sengitivity, the TOUS system is'relativély simple, campact,land
inexpensive. These features suggést that the TOUS is suitable not
only for precise laboratory measurements of the physical propérties of
materials, but also for.applicationé in ﬁaﬁ& fields (e.g. medical
monitoring, lubricant monitoring). | |

An important aspect of the design of the TOUS is its marginai
oscillation., A prévious device,.the-Mérgiﬁal Oscillator Ultrasonic .
Spectrometer (MOUS) seemed to exhibit the highest sensitivity to
measuring small~chanées in ultrasonic absorptioan’la. Nﬁclear magnetic
resonance workers have long'exploited the éehsitivity of-Oscillgtors
' which are operated on the verge of dropping out of dscillatipn.(aﬁd
thus are "marginai"). The marginal oscillator concept waé adapted
to ultrasoniec use for ﬁhe study df ﬁuclear acoustic rescnance.

‘Although the MOUS system has been utilized for nuclear acoustic resonaﬁce
studies and for other‘applicationé,lT'ET the inherenf complexity §f
the MOUS has séverely limited its usefulness. The TQUS appears to

have the same high sensitivity characteristics as the MOUS without the

inherent problems.

DESCRIFTION

A block diagram of the TOUS is shown in figure 1l. Central ﬁo

any continucus (i.e., standing)'wave ultrasonic system is the acoustic
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Figure 1) 'Block disgrem of & Transmission Oscillator Ultrasonic

Spectrometer (TOUS).
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resonator, in this case coﬁsisting of the sample plus tﬁo transducers
arranged in a transmission assembly. The response as a function of
frequency of the acoustic resonator éonsists of a series of standing
wave (mechanical) resonances. Operating the spectrometer at a point
(often chosen to be the peak) on one such mechanical resonance resulté
in enhanced'sensitivity to small éhanges in the acoustic phase veloéity
and attenuation of the sample.3’lT

As indicated in figure 11, the TbUS conéists of an amplifier’
system which is caused to oscillate bj providing it with a. feedback
path through the écoustic resonatdr;' Fi matching networks prbvide‘
‘impédance matéhing between the acoustic resonﬁtor‘and the éiectrical
systém. A tuﬁing netﬁork selects the pafticular mechanical resonance
‘and the point on that reéonance at which the oscillator oﬁer&tes. Thé;
_ tuning network is a paésiyé bandpgss filter having a frequency responsé
. which is broad_;bmpared to the widthlBf_a_mechéniéalirésonﬁnce buﬁ'.
T | D

sharp éncugh to diéqriminate betwegn'aﬂjgceﬁt'meéhagical fesonanceé.
In practice, an iﬁductor and a variable capacitor in pardllel are used
a5 a ta@k circuit. With loocsely coupled input and dutput cqiis;rthe:"
desired frequency responsé is achieved, the .insertion loss being lOf2d 4B
' at frequencies of the order of 10 MHz,.

The logp contains twé lossy elements, the tuning network and'the
acoustic resonatof, both of which act és ﬁarroﬁ-béndwi&th.filﬁeré._,Thisf
é,rrangement'permits the distributiop of the gain around the loop as |
| shown in Figure 11, with the result thet lower noise is achieved. Only
théﬁ fraction of the output noise of one amplifier which lies within the
passband of the intervening narrow band element is seen by fhe'input of -

the other amplifier. A signal splitter removes a portion of the signal
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at the highest RF level in the system for detection and signal
processing.' The variable attenuator, as discussed later, is adjusted

to achieve m&rginai oscillation
THEORY

Stable oscillations of the TOUS occur at a level at which the.

‘phase shift around thé loop is zero and the product of the gain é:

" ana thé loSé p is ome. In the discussioﬁ thch follows, it is
assumed th&f the condition on thg phase shift is satisfied aﬁd that
the féct that the gains and losses are distributed around the lopp
can be ignored. |

The enhanced éensitifitﬁ obfained’ﬁy operating the TOUS unde:
conaitioné of mérginal oscillation can be understood on the basis'qf '
the_following argument., If the output voltage vout is ploﬁted as
s function of the input voltage Vin for a typicai RF amplifier,‘a

_respbnse curve similar to that shown in'figure 12(a) is obtained.

For sgfficieﬁtiy small input voltages, the re5ponse_is nearly iinear
apa thus the gain G = Vout/vin (also shown in figure 12(a)) is‘né&rly
independent of vin" Departure from linearity at higher R? levels iS"
accompahied by a decrease inlgain; i.e., the amﬁlifier approachesﬁ

saturation.

To be utilized for the TOUS, the small signal gain of lfhe‘ampl_ifa;‘ér
‘must exceed the attenuaﬁiop, i.e., the product of the linear region
gain énd the loss must be greater than l.d. Under thesé cénditions,
oscillations, when initiéﬁed, grow‘in ampiitude. The gain of the
amplifier decreases with this increase in osci;lation—ievel. Stabie

oscillations oceur when the amplitude has increased sﬁfficigntly, and .
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thus the gain haé decreased sufficiently, thaﬁ the product ﬁf the ggin
and.loss equals 1.0. S£able oscillatiéns cannot occur in a region
where the amplifier is strietly lineer.

The primary use of the TOUS is in the detection of very small
changeé in acoustic attemuation. A sma}l increase in acoustic atten—
sation results in a corresponding small increase in the attenuation
- of the loop. The small increase in loop attenﬁatiéﬁ reduces the RF
Elevel at the input of the amplifier and a slight increase in gain resu;ts '
(figure 12{a)). A new stable operating poinﬁ‘ié'reached since the
extra lLss due to the additional acoustic attenﬁation is compensated
by the additibnal gain. A measure of the gensitivity of the TOUS to.
sﬁall cﬁanges in acoustic attenuation o 1is the change in 6utpqtrleveil

‘ , .
AV for a given Aa. From the discussion apove and an inspection

.out
of figure 12(a), cne seeé thét the greéteﬁt change in vout w?ll oceur
in that region of the curve where the gain G‘.is a rather slowly
#arying'functiqn of vin' _whén dG/dvin is émall, the value of oo
{and thus the value of V ) must decrease rather substantially in
order to increase the gain sufficiently to compensate for the addltlonal
loss; [Conversely, if dG/dV is large, only & relstively small change
1n cutput level results for the same change in acoustic attenuatlon
Ao,

These considerations can be made more gquantitative in the foilowiﬁg

vay. Since the condition Gp =1 is alwa&s satisfied, a small fractional

change Ap/p in loss resulting from an increase in acougtic attenuation

produces a corresponding changé AG in the gain of the. amplifier,

b6 = Gldp/p) o
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The change Avout in output voltage resuiting from this change in
gain is Avout = (dvout/dG)AG = (dvout/dvin) X (dVin/dG)AG. - Using
equation II-1 and meking the epproximation dvout/dvin = (@, one obtains

N ~(dG/dVin)_lG2(Ap/p) . (11-2)

Thus the sensitivity of the TOUS to small changes in acoustic

attenuatlon is approximately proportlonal to \—(dG/dV )-l.‘ This is
plotted in figure 12(B) for the hypothetical amplifier hav1ng the

response shown in figure 12(a). Good sensitivity is achieved with

amplifiers which are nearly linear and saturate slowly Sensitivitye
increases when the operating point is chosen at RF levels where the
ampllfler is more ne&rly linear. In practice, the'operatlng p01nt
" is chosen by adJustlng the varlable attenuator shown in Flgure ll

To demonstrate some of the characteristic, feetures of the TOUS
it:is convenient to be gble to produce small changes in ultrasonlc
attenuation of_knowﬁ maghitude. ‘An ultrasonic ca.libration'1nstrumentlo’]fl
described in Section III-2 is used.for that'purpoee._ This ceiibrator:b
- makes use of an acoustic fesonator consisting of two transducefs bonded
to a single crystal of CdS the ecoustlc propertles of which are modulated
with & light beam. For this study, the light beam was chopped at
o€ Hz and the detected output of the TOUS was pessed through a nerrow'
bandwidth fiiter (~ 3 Hz) centered at o6 Hz before final demodulation.

The emplitude of the 26 Hz sudio output of the TOUS is plotted as
a function of the RF level in figure 13. The change in acoustic
attenuation of the-CdS specimen which is responsible fof the 26 Hz

output was fixed at Ao = 6.4 x 10~ em~t. The RF level was decreased
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26 Hz as a function of RF level. The change in
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The increased output at low RF levels is consistent

with the predietions of equation II-2 and figure 12 B.
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(from right to left ‘in figure 13) by sdding attenuation to the lcop '
by means of the varlable attenuator. The amplltude of the 26 Hz
gudio output of the TOUS 1ncreases with 1ncreas1ng insertion loss even
though a hlgher 1nsertlon loss means a lower RF cperatlng level..
These results look qualltatlvely like those presented in figure l2(b)
where 8, functlonal form has been assumed for the 1nput—output relatlon—
ship of the amplifier. The increasing 26 Hz signal output with decrea51ng

oscillation level is due to the —(dG/dV )-} factor of equation II—2
- The qualltatlve agreement makes us belleve thst our theoretlcal remarks
are essentially correct in describing thls aspect of the operation of

thE'TOUS

The s1gnal—to-n01se ratlo obtalned under these conditions is indicated

in figure 13, where the noise output of the TOUS is shown on the same
‘-verticsl seale as that for the signal. The optimum signal—to—noiSe r&tio
is usually achieved at an RF level sllghtly higher than-thet'ccrresnonding
‘to the maximum eudlo (e Ees 6 Hz) signal. . | | |
A limited performance comparison of & TOUS system with & more_cpne
ventional contlnuous wave (CW) transmlsslon ultrasonic spectrometer is
presented in figure 1Lk. The TOUS system shown in figure 11 can be
converted to a conventional CW spectrometer by opening the loop after .
the signal splltter and 1nsert1ng a steble RF osclllstor. This'ccmparison
is reasonably meanlngful since sll components functlen in the same
fashion in both systems. (The stable RF oscillator wes hot a 51gn1frcant
contrlbutor to the noise in the conventlonal CW system ) The audio
output and ccrreSponding noise in a narrow. band centered at 26 Hz are
shown in figure 14 as functlons of A for both the TOUS and the

conventional CW spectrameter. The TDUS was operated at an RF level

- e - s oL g i = TR Y S ey N T
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corresponding to its optimum signal to ﬁoise. The CW spectrometer
‘was operated with the output of the RF oscillator adjusted to trddutéK
the same voltage on the transducets as in the case of the TOUS. The
audio output of the TOUS is two orders of magnitude larger than that of
the conventional CW spectrometer for the same valﬁe of Ad due to thé
marginal operation of the moUs. Of interest, however, are not the
relative magnitudes of the spectrometer outputs, but rather thelr
relative signal-to-noise ratios. From figure 14, the signal-to-noise
ratio for the TOUS is seen to be substantially better than that for
this CW transmission spectrometer.l

Details of the signal processing system used with the TOUS as well
as the appropriaste operating procedures depend upon the particﬁl&r ‘
application. Since the phase shift around the loop must remain zero for
stable oscillation, the TOUS automatically tracks ultrasonic disper51on
withiﬁ the' bandpass 1imits of the tuning network. This dispersion is
exhibited as a'shift in the acéuétic mechanical resonance frequehcy and
hence the osc1llator frequency. Thus, for physic&l accustics measurements,
the TOUS provides detailed information about changes in both attenuation
and phase velocity while taking meximum advantege of sensitivity enhance-
- ment factors.B’ 17 ‘

The high sensitivity of the TOUS ig best achieved in cases where
the small changes in acoustic attenuation of interest occur with characterQ
istic frequenéies in the audio range. An example {8 that of the small
changes in scoustic attemuation produced by the presence of particulate
or gaseous impurities in flowing fluids. Several applications of the - .

TOUS have already been developed snd will be discussed in gSection II-k,
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II-3. RF AMPLITUDE REGULATOR AND ITS OPERATION WITH THE TOUS

In this section an RF émplitude regulator is described which ﬁay
be used with the TOﬁS (see section Ii~2).or any other RF system which
requires a constant RF amplitude level. An electronic schematic of
the regulator is preseﬁted along with a déseription of its use. Tgst
data obtained with the regulator show that the regulator reduces
gspurious amplitude modulations by & factor of 100. Pwo configurations
of the TOUS designed with an RF smplitude regulator'are présented glong
with detailed schematics of the TOUS-regulator system.

Although the TOUS, as described in sectlon II—E, is a useful
instrument, a further refinement wes necessary to make it somethlng
other than purely a lahoratory device. A method was developed that
keeps the TOUS st an operating point vhich can be descrlbed as truly
marglnal The method developed for this purposé is an RF amplitude
regulator having many appllcatlons other than the TOUS. 1In facﬁ the
smplitude regulator appears to be useful in areas other than ultrasonlcs.
Basically, the regulator maintains a low noise, ‘constant RF 1evel for
any application (e.g., t;trasonics,‘electromagnetic radiation); |

The amplitude fegulator together with the TOUS is similar in concépt
to the marginal oscillator known as the Pound box28 in that the saturation
characieristics of the amplifier determine the output oscillation level.
With the TOUS regulstoer, however, any operatihg point can be set that
satisfies the criteris of the gainuloss‘préduct and the closed loop'
phase.

An electronie schemétic disgram of the regulator is shown in figure
15. This particular embodiment of the regulétor is built for use ﬁith

double balanced mixer-modulators which require overdrive protection



Figure 15)

Schematic diagram of the RF amplitude regulator:

First stage gain is lowered to 50 for TOUS operation,
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ffom excessive currents. The first amplifier in the regulator {Thk1)
is a basic summing circuit with variable gain (0-200). The seeond'
' amﬁlifier (741) is & voltage follower to buffer the output of the‘
first stage and provide a low pass Tilter (RC time constant O-1 second).
In the set mode, the current out of the regulator is controlled by |
" a b0 turn set point pot. In the‘reguiate mode, the input as well as
fhe set point pot are summed. Any change in the input results in a
correcticn current to the mixer which b%ings the inputAto its previous
level. In this way, once an operatihg level has heen set, the‘reguietor
w111 "lock" the input to that level. A

A test of the characterlstlcs of the regulator as used with e
high quality laboratery oscillator 1is shoWn in figure 16. The,0501llat0r.
output is equally divided at the signal aplitter with one leg detected,
measured by an offset electrometer, and plotted on a yy» yz, t chart
recor&er. The other leg paéses thru'a doubie balanced mixer medulator, o
is amplified, detected, ‘measured by & mlcrovolt digital voltmeter and
an offset electrometer, and recorded on the same  Yy» Yoo t chart |
recorder. The mixer attenuation is controlled by the regulator shown
in figure 14. The results of the test setup in figure 16 are presented.
in figure 17. In the bottom trace of the figure is shown the deteeted
RF amplitude output of oscillator. The output level was a£ aboﬁt 330 mV ‘
with a level stability of ebouf 0;03 dB over the 30 minute test. At
the top trace of the flgure is the detected RF amplltude output from the
regulator. - As before, the 51gnal level 1s gbout 330 V. with a much
1mproved amplitude stabillty. In tests run over longer perlods of time

and w1th three dlfferent lab oscillators, results were 31m11ar to these

of figure 17.
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Figure 16) Block diagram of experimental arrangement for

evaluation of the amplitude regulator. The results
for small smplitude variations in the oscillator
output are plotted on a dual pen chart récorder and
shown in figure 17. Large variations in amplitude
produced by the attenuators are measured with the

D.V.M. and shown in figure 18.
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To evaluaté the amount of spurious amplitude noise corrected for
by the regulatér, the attenuators shown in figure 16 were varied. A
plot of input to output variation is shown in figure 18. From this
figure, the regulator is seen to reduce RF amplitude wvariations by a
factor of 100. In addition, the regulator maintains this stabilization
effect over a wide variation of inp#t. In faet, the stabilization is
fairly linéar over nearlﬁ 20 4B changé in inpqt level. This type of
stability for RF signals is espeéially ugeful fof experiments in NAR,
low tempefature‘measufements, remote sensing or any aituﬁtion vhere
long term stability is necessary. In.particular, the regulator used
with a TOUS system can Be regarded &s an inexpensive yet sensitive
ultrasonic system that has good‘sfabi;ity and portaﬁi;ity.

A slight quifiqhtion of the TOUS in.figure 11 is showm in,figure
19{a). 1In tﬁisléonfigufétion,‘the regul#tor is used with the TOUS as
‘a complete ultrasonic épeéfrometer; The heﬁvy arrovs indicafe the RF
signal paths while the light arrows indicate sudio signal paths. Nobe
that the rescnant circui@fy illﬁstrated here is for liqﬁid studies and
that the tuning network in figure 11 is not used. Although the tuning
- network does remove some nolse that is outside the TOUS operating band-
width, it does present some problems with liquid flow. For a typical
l-cm. path length brass cavity a temperature shift of loK causedvpy'the-
liquid produces a cavity length change corfespondiﬁg to a resonant 
frequency shift at iO Mz of 200 Hz.l A narrow bandwidtﬂ fixed,fréquenﬁy-
component in the TOUS system prevents it from automatically tracking
changes in the resonant frequency. On the other hand;.without the
tuning network most changes in resonant fréquency_are followéd-by the

TOUS gince as a marginal oscillator, the system tracks the highest'Q
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element in the loop. Tnerefore,‘ihe resonant peak is followed sG that
sensitivity enhancement fectors remain conEtant_even though the frequency
nay drift;~ | | | |

Figure.19(B B) is a phetograph of the.phy51cal components of the
block diagram in flgure-lQ( A).. The two figures are composed 1dentically
so that the labeling'in_figure 19(4) is cpmpatible with the layout of
figure 19(5). |

A seebnd confignration'of tnE‘TbUS_hes been built specificalxy
for ligquid studies. The electronics fer this instrument were'designed
around commerc1ally available integrated c1rcu1ts. This simplified the
overall set-up as is shown in figure 19(C). The major change in thls
Veystem is the automatic galn control {AGC) section of_the RF amplifier
shown in figure 19(D). ‘Basically, the AGC takes the plaee of the current
controlled attenuator (mlxer—modulator) in figure iQ(A). lUse of the
AGC also modifies the regulator itself, since the AGC requires a ncn—
inverting signal:while the mixer requires an inverting 51gn&l (an ‘
inereaee in the voltage to the AGC decreasee the amplifier gain vhile
an increase in.the current to the mixer decreases loop insernion loss ).
The regulator,(figure 19(E)) built for the Aéc amplifief contains the
RF 51gnal splitter as well as a times L RF detector 1n addition to the
convenient Hi—Z RF out and the Hi-Z detected 51gnal out

A subtle difference between the regul&tors of figures 15 and 19(E)
is the position of the summing Junction (the lOK re51stons at pin 2 of
the Thl‘amplifier). Locating the Junction after the gain stage permits
one to change the gain-without changing the set point voltage thereby
making the two controls more independent. This isrdesirable for

operation of the TOUS at its normal low RF levels. For high RF levels“
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Photograph of the constant cross section resonant
cavity with related electronics for TOUS operation.
The individual components in this picture are labeled

in the block diagram in figure 19(A).
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such as might be used in CW ultrasonics, the summing junction must be
- located before ﬁhe gain_stage to buck out the highef detected RF

voltages.,
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TI-h.. CONTINUOUS WAVE ULTRASONIC PARTICULATE MONITOR

The characteristics of the4T0USnreguiator system described_in‘
section II-3 have lea to an appliéatien‘of the system es a moniter of
‘particpiates in flowing fluids. In this gection, such an application
is discuesed and areas of its future use ere indicated.‘ Specific desgign
details of resonant cavities for fluid flow measufements are presented
along with experimental &eta of a cavity ultrasonic resonance. In
addition data are presenfed of caliﬂrafion runs of the particulate
mcnltor with 40O mlcrometer contaminents added to the test. fluld
Further reflnement of the system as a medical monltor is descrlbed which
resulted in the construetion of a microemboll monitor for use in heari-
lung bypass surgery.' Data ebtained-duriﬁg animel surgery is presented
to show the-effeetifeness of the device in monitoring an injection of an
antlcoagulant

Several resonant cafltles were buile and 1nvest1geted for use w1th
the particulate monitor. Figure ?O(A)'shOWS a liquid flow cavity with
variable parallelism. The threeﬂknﬁrled screws'adjust.the‘paraiielism-
of e'éuartz aisk with fespedt to a‘fixed quarte disk on the back of tﬁez
ca#ity. The internal disks can be seen in figure 20(B) which also
shows the seating "0 ring:for liquid tight se&l; 10 MHz transducers
bonded to the outside of the quartz disks provide ﬁhe ultresonic -
excitation for the cav1ty By using optically flat and parallel diske5‘
effects due to transducer non—parallellsm can be evaluated with 1little
perturbatzon due to the dlSkS. Qualitative results obtalned with thls
cav1ty 1nd1cated that a flxed parallellsm resonator is desirable.

© First, the "O" rings used for & liquid seal relax overnight thereby
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variable parallelism resonant cavity.
of 2 internal quartz plates is

the external knurled screws.




Figure 20B) Inside of the variable parallelism cavity showing the

2 quartz plates and the "0" ring for liquid seal.



- 60
requifing frequent "peaking up" to maintain perallelism. _Seconﬁly,
variations.in.pressﬁre due to pump pulses seemed to pfoducé a "noisier"
signal with this cavity ﬁhan any otﬁer tested. This has been attributéd
to the compressiﬁility of the "0" rings. |

Several other cavity designs have been tried wiﬁh tpe most recent
shown disassembled inlfigure 2i. lThis desigh proviéeé,donsfant‘cross
sectional area from the round tubing connectors through the rectangular
flow path. The tubing connectors havé o gradual (<5°) geometric vari-
ation from round to rectangular while maigtaining a constant cross
sectional area. These coupling pieces were a problem to fabricate.
Eventually, a qomplementary strubtufe was made of graphite and used
as a tool to spark cut the fransition piece as close as possible to

- g constant cross sectional area. The cavity i;'shdwn asseﬁﬁléd‘in
figure lé(B), along with typical‘eiectronies ﬁecéésary to operate itl
as a particulate monitor. .In figure 22 is a sampled CW (lie'ca.y of this
cavity ﬁith gbout 15 steps visible in the ultrasohicfdéday. lThis
verifies that the p&rallelismrtolerances fbr thié'aésembly are'bettér
than A/iO(lE.micrdmeters).

A closed-loop water Tlow sysfem wes used to test the particulate
monitor. Glass microspheres‘{IOO—hDO'ﬁicrémétérS'in diameter) were
individually ﬁropped into the flow system. Particles‘gmaller than 100
micrometers (AiEOBVirregular éhapesj were easily measured Wﬁth a signal
to noise better than 15 to 1. In a second-test, after the liquid cavity
had been cleaned and f£illed with distilieds filtered (<60 micrometer
size pérticies weré removed) water, one 400 micrometer particle was
added fo the‘éystem. The particle was counted by the ﬁonitor in the

closed loop system for 10 minutes. A similar procedure was followed

QET}{§¥§1;124GQ? :
R * T/ P

Uipy
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Figure 21) Constant cross section resonant cavity shown dis-
assembled. The end transition tubes are constant
cross section with round inlet and rectangular outlet

OQE?GI’V shapes. This reduces flow turbulence in the cavity.
int%ng FH(;
Q"ALJ?{ES‘



Figure 22)

62

Reflection Sampled CW (top trace) and transmission

sampled CW (bottom trace) wave shapes for the water
filled constant cross section cavity in figure 21.
The stepwise build up and decay of the resonance

shown here indicates a cavity parallelism of better

than A/10.
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until 30 particles had been added and COuﬁﬁed for ﬁeriods of time
ranging'ffom 5-10 minutes. The results of thié test are shown in
figure 23 along with the standafd‘deviation‘of the méasureménts. The
active water volume of fhe flow syétem is about 90 ml while the count
rate average cdrresﬁonds to 85 ml/count which is excellent agreement.
These results and figure 23 indicate thatlthe monitor is quite linear
as well as béiné accurate.

Specific appllcatlons of the monltor are sugegested by the results
of these tests,. One use of the partlculate monltor is as a medlcal
1nstrument 1 29‘ Beports of brain damage resulting from extraccrporeal
perfusion during open heart.surgery have led to substantial 1nterest
in ultrasonic microemboli detection. - Previousiy-reported devices have
relied con pulsed ultrasonic techn1ques.30 Cur instrumeni, a Continuous
Wave Ultrasonlc Mlcroemboll Monitor, offers features of non—lnva51ve
continuous monltorlng of the total volume of blood with hlgh sensitlv1ty
Aand yet takes the form of.a CDmpact 1nexpenslve 1nstrument Thg:' |
instrument uses =z 10 MHz stainléss steel resonator. probe shown dis-
assembled in figure 2k, The probe is deéigned S0 that tﬁe transducers:
are in contact with the blood flow itself. Since 10 MH% transdﬁcers
are too_thinlto maintain their flatness underlpressure, 2 MHz t:anSA
ducers are used operating at their 5th harmonic. The proﬁe is small,
easily‘sterilized and integrates well with the heart-lung medicél
équipment.

'Théibasic monitor uses.similar electronics shown in bloék diégra@
figure lQ(C)‘ The output of the 51gnal processor consists of pulses

with amplitudes proportional to the’ crosswsectlonal areas of the micro-
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Medical resonator probe used with the TOUS system as
& microemboli monitor. Blood eirculated extra-
corporeally during heart-lung bypass operations is
monitored ultrasonically while pumped through the
probe. The presence of gas bubbles or solid particu-
lates modulates the ultrasonic field and is measured

electronically.
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emboli and ﬁidths representing the transit time of a microembolus
through the resonator. Two t&pical microemboli events are shown in
the oscilloscope trace in figure 25. For rou£ine clinical moﬁitoring,
a threshold particle size, e.g. 50 micrometers could be selected by
the setting of a discriminator level. The tofal'number of events pér
minute corresponding to the passage ﬁf impprities of size gfeater than
the selected minimum are displayed an& recorded. Resultslobtained
during heart-lung Bypass on a caniné indicate that typical counting
rates for a 100 micron discriminator level setting raﬁge from fewer
than 100 counts per minute under ''mormal" conditions to thousands of
cqunts‘per minute within a few minutes éfte; the generatioﬁ of micro-
emboli.

The use of the instrument to continuously monitor microemboll is
shown in figure 26. The number of counts per minute corresponding to
par;icles greater than 100 microns in diameter is plotfed as a function
of time. The data were cbtained from the total body perfusion of a
mongrel dog. From a point 100 minutes into the run the counting rate
remainad reasonably stable in the range of 60 to 80 counts per minute
for about 16 minutes. An increase in counting rate began at minute
117 in figure 26. Heparin was added at minute 122. Shortly thereafter,
the counﬁing rate began to fall, stabilizing at a low of fewer than
20 counts per minute within 3 minutes of the time that the anti-
coagulant was‘added. An attempt has not yet been made to repeate
this experiment.

The microemboli moniter has been choseg by Industrial Research

magazine as one 9f the 100 most significant technical products of the
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passing thru the resonator decrease its effective
@ and therefore decrease the RF amplitude producing

the pulses shown. Entire horizontal axis is 100

milliseconds.
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Oscilloscope trace of 2 microemboll events. Microemﬁoli
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Figure 26) Heparin event as measured by the ultrasonic particu-

late monitor 120 minutes into animal operation.
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yéar iQTh.l Since that award, the monitor has been used success-
fully during an operation on a human. As clinical experience is
accunulated, the information generated by the monitor will be evaluated
and may prove it to be an important medical instrument. Additional
medical applications include monitoring of hemodialysis units as‘well
- as blood used for transfusions. In comparison with other published
monitors30 the particulate monitor based on the CW TOUS concept appears
to have certain benefits which are indicated in Table 1. Future develop~
‘mehts maﬁ lead to & more‘sehsitive, les% expensive device than ingdicated.

Ancther use of the particulate monitor ﬁould be as a machinery
wear monitor (i.e. aircraft engines, helicopter gearboies, hydrauiic
systems). Wear particles transported by thé lubricant Ean be counted
and sized by the monifor thereby providing the user'with réal—time
on—iine information as to lubricant and machine condition. The real-.

r

time information can be especially important in aircraft systems as an

alert "signature" of impending catastrophic failure.
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ITT. ULTRASONIC INTERACTIONS IN CdS

Iri-1. PHONON—CHARGE CARRIER COUPLING IN CdS

In this section, we examine the interaction of ultrasonic waves
With charge carriers in CdS. The theory of Hutson and White9 is
utilized in linking ultrasonic absorption and disbersion to conduétivity
in piézoelectric semiconductors. The theory of reference 9 is verified
with measurements of the effects of photogenerafed charge carriers on
ultrascnic perasmeters. A tentati#e explan&tion presented for small errors
in the measured data is the existénce of inhomogeneities in the crystal. |
A hypothetical ﬁodel with inhomogeneities is developed which p:edicts
results consistent with the observed data.

Cas is a II-VI semlconductlng compound of. the hexagonal—wurtz1te
structure. Although it cen exist as a cuble zineblend structure, it
will revert to the. hexagonal structure if heated above 100°c. Single
erystal material has a bandgep of 2.5 ev and a correspeonding péak in |
the opﬁical absorption coefficient at 0.5 micrometers.

Cds is also a photoconductor with the conductivity varying nearly
linearly with light intensity. The photoconductivity is impurity and
defect dominated for optical wavelengths greater than 0.5 micrometers.
The impurity dominated conducfivity causes & broadening of the photo;
current vs. phofon wavelength curve and results in a monotonic decrease
in the phdtocurrent of five orders of magnitude between 0.5 micrometers
(2.5 ev) 1.0 micrometers (1.3 ev).

In a@difion, since the crystal structure of CdS lacks a center of
symmetry; it is piezoelectric and has an electromechanical coupiing

coefficient equal to about -0.03. The piezoelectric property causes
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electric fislds to accompasy ultrasonic stress waves and produces a
coupling mechanism bétweeﬁ the ultrasonic wave and charge carriers.

Although a good model for the phonon-charge carrier coupling was
not fully.developed until 1962 experimental observatlons of the coupling
effect were reported in 1959 by Gobrecht and Bartschatal and late: by
NineBg, Ogawa33, Hutson3u, aﬁd Nine and Pruell>? for CdS. The obser—
vations reported that ultrasonic attenuation was a function of light
irradiation. In references 3k, 35, a correlation 5etween conductivity
and ultrasonic sttenuation is attributed to an 1ntersct10n between
conduction electrons and stress waves coupled by the plezoelectrlc
effect. |

A model of this coupling is developed by Hutson snd‘wﬁite in
reference 9 with & llnear theory that 1ncludes effects due to earrier
drift, @iffusion, and trapping. = In this model, the propagatlng stress
wave is sccompanied'by sn electric field produced from the straln on
the fiezoelectric crystal. The electrlc field is composed of both
longitudinal and transverse components with the trsnsverse wave small
and therefore‘neglecﬁed. The longitudinal wsve, howévsf, is sufficieﬁtly
large to prodﬁse measurable effects on charge carriers. Conversely,
the charge carriers play a fole in the crystal's ult:asopicApropertiés
| resuitlng in acoustlc dlspers1on and changes in loss.

In reference 9, it is shown that the ultrasonic v31001ty takes
the fdrmf o _ |
-eg. ey T
2+ oy + uoc/a”

(1T1-1)



T2

/2
where: v_ = (c/p) /
c is the elastic constant
o) is mass density
e2 K2 ; (
eg. ~ oo the electromechanical. coupling constant
e - is the piezoelectric constant
e is the dielectric permittivity
w is the ultrasonic angular frequency

2 1/2
. ~ T
W is the "diffusion freguency" ~ = or v = L
. mD D

where T 1is lifetime and L, is the diffusion length.

! is the mobility,
w, is the "conductivity freguency” = -%*
a . ig the conductivity

For values of w<<w (w. = 3x1010 Hz at 300°K for C&S) and
. R R

' wc<<mD {wc = 3xlOT Hz for o = 3x107° (9~ cm.)"l in CdS) this relation
' becomes:
.
yev |1+ SL2cE (111-2)
o] 2
Ve
l-+( -)
w
or simply
2 2 '
P S N (I1I-3)
v 2 ‘

0 1 + F2
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2% o
= , the electromechanical coupling coefficient

2
- K

For the attenuation, it is shown that:

‘ 2“ w fw ‘ : :
a=-—= 2 ¢ 5 | (T1I-4)
0 1#2(w_ fug )+ (/) )+ (w /w)

which for w<<w and W <<wD becomes:
D ¢

2|
K r
£ —f—

5 (III-5)

o 1+F

An exﬁerimental method was devised to verify'equafions IIi—3
and III-5. It is necessery fo measure u;trasonic attenuation and
phaée velocity as a function of W, Since a Cd8 réSOnétor can be
fabricated to ﬁe bhotoconductive, its éénductivity'can be varied with
light. Therefore, the conductivity frequency can also be varied with
 light. Assuming that the conductivity varies linearly wiﬁh light
intensity, a simple accurate‘méthod~emplbyiﬁé:peﬁtral.density filters

can be used to vary wc.

* : S Lo ' _
The coupling strength parameter . K 1is spproxihately -equal to the
square of the electromechanical coupling-toefficient. K, since

K o= KE/(l - Ke) = K%, where  K2‘<<'l,,
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It was convenient to use the ultrasonic ¢§1ibrator (Section III-2)
to verify the Hutson and White theory. The calibrator contains a flat
and parallel single crystal of photoconductive CdS. A constant
intensity lamp is focused on the resonator through a sequence of neutral
density filters. By setting the lamp intensity to a maximum attenuatién
value {(i.e. F = 1 or w, = w), it was possible to obtain accuratg‘m
measurements relative to F = 1. The results of this experiment‘are
shbwq in figure 27 along with a theoretical plot of equation III-3
‘and III-5. The fheoretical plots are drawn for K% = 0.03 vhich was
determinéd from a best fit to the daﬁa. The agreement between theory
and datﬁ is seen to bhe good.

However, exémination of figure 27 reveals some lack of agreeﬁéﬁt
between théory and experiment. A tentative explanation for the devi-
ations from theory is based on inhomogeneities in the crystal itself. "
Since_these samples were annealed in sulpher to increase their photo-
conductivity, one expects cadmium vacancies. IT these represent
inhomogeneities in the sample, they may account for the observed
deviatiations when the phenomona of superlinesrity (or supralinearity)
is considered36. This effect produces a relationship between o
and I such as o = ¢, In, n>l. This "sensitizing" results from the
. addition of doubly chérged centers which lengtﬂens the recombination
lifetime for holes. Since these holes are close to the vaience band,
they play no role in conductivity until the hole demarcation level
drops below their position due to low temperatures and/or high
illumination. The result of the increased hole lifetime is to decrease

the recombination rate thereby increasing the conductivity.
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A further examination of figure 27 shows that the data "error"
for attemuation (7%) is worse than the "error" for velocity {3%)
measured at the peak of attenuation (at F = 1).

If there are large inhomogeneities in the density of the doubly
charged centers it might explain thé observed behavior since the
experimental data for dispersion is obtained from & measurement of the
Trequency at the resonant peak. With inhomogeneities in the ﬁrystal,
this peak could be shifted from its expected mechanical resonance to
one corresponding to a lower conductivity. In addition, the shiftiné‘
of the position of the mechanicﬁl resonance would produce a distorted
gttenuation vs. light integsity figure.

To examine if superlinearity is a pessible explanation for the
observed errors, a simple model is &valﬁated. In this model the
resonator is composed of 2 segments: an A unésensitizéd half and a
B sensitized half. The conductivity in the A half 4is less than thaﬁ
in the B half. Therefore, for values of F < 1, the ultrasonic atten-
uation for the A half is less than that for the B half. Since the
ultrasonic signal.is obtained by adding thé signals of each half, the
combined signal is dominated by the A half. Thus, the resonance peak
of the combined signsls would be shifted to that cofresponding to
higher phase velocities found in sample A. Actually, the resonsnce
‘peak would oceur as if the combinéd semples had a velocity higher than
the average of their velocities. This is not the case for attenuation.

The attenuation of the combined samples 1is nearly the average of
the attenuation for each half. A thecretical plot is shown in Tigure
28(A) of the mechanical resonance for each half and for the combined

signals., The effect of an increase in the conductivity is a decrease
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Figure 28A)

Frequency ——————=

Ultrasonic mechanical resonances for two hypothetical
Cas resonators. The A sample is unsensitized while
the B sample is sensitized. The resulting higher
conductivity in the B sample leads to an increase in

ultrasonic attenuation.
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in the resonance peak by about 20%. Figure 28(B) is a plot of the |
derivative of the curves in figur; 28(A). The location of.the_
fesbnance peak may be determined from thé zero crossings of the
deri#ativé. Alﬁhough the same increase in conductivity as in figure
28(4) is calculated here, & shift in the zero crossings is indiscern-
ible.

To help visualize the shift, the ¥ and Y axis of figuré 28(B)
are expanded (a factor.of 40O for the X axis and 30 for the ¥ axis}‘
in figure 28(C). The change in rescnance frequency shown in fiéuré
: 28(@) corresponds to a change in Av/v  of about 10%. One feature
is apparent from this model, Large inhomogeneities in density of
sensitizing centers can lead to discrepancies consistent With:those

méasured'in.figuré 27. The discrepancies are 1arge} for attenugtién

'then for velocity and result in a shift toward higher #eiocities.
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Frequency w————m—

Figure 28B)

Derivative of the ultrasonic mechanical resonancés
shown in the previous figure. A shift in the' peak
of the resconance produces a shift in the position of
the zero crossings of the derivative. No shift is

apparent on this scale.
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Figure 28C) Expanded axis of the.derivative curves shown in the
previous figure; The X-axis is expanded by a factor
of LOO and the Y-axis is expanded by a Tactor of 30.
On this scale, shifts in the zero crossings are apparent.
In addition, the_composiﬁe sample Zero crossing is

closer to the A side than to the B.
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III-2. AN ULTRASONIC CALIBRATOR

In this section is described an ultrasonic calibration device.

The theory of its operation is develcped and the actual coperation with
an experimental sample is discussed. Data obtained with the calibrator
is presented and a technique for calibrating the system with a sécondary
sténdard is described. Causes of calibration error are discussed.

The interaction of light on the ultrasonic properties of CdS
suggests an applicatioﬁ of this phenomena as a qalibrator for ultra-
sonic spectrometers. In this section, an ultrasonic calibration device
is described which is capable of producing known changes in both
scoustic attenuation and phase velocity while simulating the essential
ﬁltrasonic properties of the specimen of interest;' Since the calibra-
tion results from actual changes in acoustic properties rather than
from an electrical simulation, not only are the electronic character-
istics of the spectrometer accounted for by the use of the éalibfator,
so also are the sensitivity enhancement factors associated with the
scoustic resonator. (See Section I-2) The calibration technique is
based on the use of a CdS specimen whose ultrasonic properties can be
adjusted and modulated with light as described in Section III-1.

The calibrator is being used with sensitive ultrasonic spectrometers
capable of detecting small.changes in acoustic phase velocity Avkv |
and attenuation Aa which occur in specimeﬁs during ultrasonically
induced electron or nuclear spin.resonance.lT In order to relete the
output of such a spectrometer (e.g., a voltage or a chart recording)
to the physical parameters Aa and Av/v, a calibration scheme is
usually employed.  Existing calibration gschemes rely on an electrical

simulation of the acoustic event which gives rise to the changes in
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7,37,38

acoustic attenuation and phase velocity. Mlthough electrical

calibration schemes of this sort are adequate in some respects, a
more satisfying calibration technique would utilize actual changes
in ultrascnic properties, e.g., changes in time domain decay rates

N

or freguency domain line widths. Without producing such actual
changes in acoustic properties, a calibration scheme cannot properly
include the sensitivity enhancement‘factors which arise from the use

of ultrascnic resonators.3’lT

ITI-2-1. DESCRIPTION AND THEORY OF'OPERATION

A block diagram of the ultrasonic calibrator is.preSenﬁed in
figure 29. The composite resonator consists of a €CdS crystal to which
'is bonded an appropriate transducer so that longitudinal ultrasonic

waves can be'propagated along the C-axis. The flat and parallel single °

5.

erystal of CdS was prepared from high purity .plr'zotoconductivé jma{:erié;l;.
Light from both the_bias and the siénal laﬁps,.whicﬁ ﬁfe‘ﬁowefed by
constant current sources, is focused on the CdS cryétal. Allighflf
chopper and a platform'carrying neutral density filters ére in the -
optical pafh of the signal lamp. The entire assembly is housed iﬁ
a light tight case external to which are cqntrols that insert-or-retract
various combinations of neutral density filters.

The physical basis for the calibration scheme is as ﬁolloﬁé.
Because CdS is a good photoconductor, light incident on tﬁe cryétalf
can change its electrical conductivity by many orderé of magnitu@e.-
Since the charge carriers are coupled to the élastic properties of CdS

by the piezoelectric mechanism, changes in electrical conductivity
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result in changes in ultrasonic phase velocity and attenuation. This
phonon-charge carrier interaction is treated with phe ald of‘the form—

9

alism of Hutson and White” in Section III-l.and is shown in figure 27.
By applying the phonon charge carrier interaction (Section IIIﬁl)‘tS

" ultrasonic resonators (Section I-2), it is poésible to cbtain the
necessary conditions for the operation df the calibrafbr.

For attenuation calibration, let us define Al as the ultra-
sonic signal related to the calibrator and Al* as the ultrasonic
signal related to the specimen being studied. We recall that Al
is the in-phase component of the ultrasonic signal as shown in equation
I-3. If the assumption is_ﬁade that oaa<<l and o*a*<<l (starred

quantities are related to the specimen)} and that measurements are taken

near a mechanical resonance, equaetion I-10 becomes:

Ao |

A Al =5 ' {I1I-6)
o &
* Aoy
AA =S5 (TII-7)}
© aa
If the assumption is made that A A, = A A¥® , then a condition exists

1 1

#
such that A a = A o . The assumptions are justified in the section

on celibrator operation. Using III-6 and III-T:

¥* .
Ag = 2 (11I-8)
o a o a
or

*\1/2 . '
o =(—a-—) @ = a (III-9)
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where % is defined as an effective attenuation. Therefore with the
above conditions and assumptions met, the change in attenusation in the
calibrator eguals the change in attenuation in the specimeh.

For dispersion calibration, we define AQ as the ultrasonic

: *
signal related to the calibrator and A2 as the signal related to
the specimen of interest. The A2 response is the out-of-phase

component of the ultrasonic signal shown in eguation I-3. As before,

® ¥
we assume o a<<l, o a <<1 and that the measurements are taken near

a mechanical resonance. Then equatioh I-11 becomes:

. .
M, = —5~ Lk _ (I1I-10)
a a R
» 1 . »® .
M, = Ak ‘ _ (111-11)
0 & .
* -
if we assume AA2 = AA2 we obtain:
Ak M
2 T TEp % ' (III-12)
o a o a

* ' .
As before, a condition exists such that. Ak = Ak . The condition Is:

*\L/2 : o oo
o =-<-—a- )\ o0 = o (II1-13)
a e

We note that equation ITI-13 eguels equation TII-9, Therefore with
the same.conditions and assumptions met as before, the change in wave

aumber in the calibrator equals the. change in wave number in the

specimen.
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In summary then, the same changes in ultraéonic parameters that

are oceurring in the specimen of interest are adjusted to Qccur in
®

the calibrator. The condition that wa<<l is easily met in most
experiments. The other conditions that must be met. for use of the
calibrator are that AAl = AA; for attenuation.measﬁregents and
AA2 = AAZ for dispersion measurements. In addition, the atténuation’
of the calibrator must be.adjusted so that the results of equation .
ITI-13 or III-9 are met., These conditions are justified in the oper-

ation section. Similiar conditions apply for attenuation measurements

using |A| for the ultrasonic signal.
ITI-2-2. OPERATION OF THE CALIBRATOR

Using the samé notation as in the thedry secticn, operation of
the calibrator is described and data are presented forlabgérpﬁi@nland
diépersion calibratiﬁns. ;The first coﬁdition to be satisfied operatioﬁ—
ally is the adjustment of thé calibrétor background atténﬁation.l Thej

bias lamp is varied to obtain the coﬁdition‘that:

IR
o = (__ai‘_) C‘.*
e o a J

This condition is easily accomplished for most'experimenté. The ligh£
chopper is turned on for sjnchrdnous measurements (AC) or left off

for DC meassurements. The next condition to be.met uges the calibrated
sigﬁal lamp to set AA) = AA; or MM, = AA; (the caiibratign of the
signal lemp is discussed leter}. Thic condition is easily ﬁchieﬁed
for @ost experimental samples. Simply, neutral density filters are

inserted into the signal lamp producing accurately known changes in
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in light intensity. Since light intensity is nearly linearly related
to ultrasonic absorption and dispersion over a region of figure 27,
calibrated changes in the ultrasonic properties are produced (i.e.,
one=-tenth of the signal lamp intensity produces one-tenth of the
initial changes in ultrasonic properties). Therefore, a wide dynamic
range of changes in pérameters may be achieved since there is a wide
dynamic range of conductivities in CdS fat least a.factor of 105).
The only limitations on the calibrator range are linearity consider-

ations and spectrometer noise. These are discussed later with cother

sources of error.
IT1~-2-3, CALTIRRATOR RESULTS

With the appropriate conditions met as discussé@ pfevioﬁsly, tw5-<
different values of o, WEre scbi 1u.ul ahﬁ O.i cmﬁl)land éalibratioh .
signals obtained for each a5 is shown in figure 30. These signéls

were measured with a synchronous amplifier tuned to the light chopper
freguency and as such aré an examﬁle of the AC mode of calibrator
operation. Neutral density filters were ingerted in the signal lamp
path to obtain values of Aa for light intensity less than 1. Tﬁe
relative light intensity scale here has no conneétion to ', the relative
light intensity scale in figure 27. The noise shown as error bars is

believed due to spurious amplitude modulation in the spectrometer.

The AC dispersion caelibration was obtained in a similar
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Figure 30) Absorption calibrator output (AC mode for two values

of background attenuations.
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faéhion and is shown in figure 31. Once again, the noise shown as
error bars is believed due to the spectrometer.

The second mode of operatiﬁn for the calibrator does not make use
of synchronocus detection and is called the DC mode. For this operation,
the lighF chopper is switched off and changes iﬁ ultrasonic parameters
are measured with a direct coupled spectrometer, As before, calibrated .
changes in materiai properties are obtained by‘inserting various com-
binations of neutral dénsity filters in the signal lamp path. Oﬁeraw
tion‘of the bias lamﬁ is the seme as for the AC mode., Figure 32 is an
- example of operation in the DC absorption célibration mode.
| As an example-of the flexibility of the calibrator, a special
arrangement was set up., The output intensity of the signsl lamp was
modulated wiﬁh a square wave at a very low frequeﬁéy (about 0.1 Hz)

'_ with the_éalibrator,operéting in the DC mode. The blas lamp was
cadjusted to,én iﬁtensity such that F =1 -~ 6F and the signal lamp
intensity adjusted to produce a (26F) change in light intensity. There-
fore, 8 copdition was prbduced go that wc v&rie@ from a falue Just |
less than ww to one Just greatér than w. BSince o« Ais a- double vglued
function symmétrical with respect to F =1, little change in attenus-
tion occurs between the two generated values of F, 'However, the
dispersion is verying most rapidly during the:conditién F=1 and
the two generated values of F correspond to tﬁo.diffefént phasé
velocities. A very slow ultrasonic frequency sweep through the
méchanical resonance with these conditions is shown ih figure 33. A
line connecting all thé peaks in the modulation on the low frequency
sidé with the minima on the high frequency side correspond to the F > 1

mechanical resonance. Likewise, a line connecting all the'minima on the
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2 S
-
o ‘
Frequency ———=
Figure 33) Mechanical resonance of a €dS sample 1lluminated

~at just bélow maximum rhologenerated acoustic

- absorption. 1In addition, a modulated lamp shining

on the CdS raises the conductivity (on the minus

part of the modulation) to just ébove'ﬁhe max imum
absorption.. The resulting figuré‘shows changes in
ﬁoth absorption aﬁd dispersion as well as sensitivity

enhancement effects (see text).
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low frequency side with the peaks on the high frequency side represent

the condition F <'1. In addition, a line connecting the midpoints of

the wodulations represents the condition  F = 1. ‘The zero in the modu-
latién amplitude between the two mechanical resonances represents the
peak of the méchanical,resonance af F=1, Therefore; in one figu:e
we canl see dispersion as shifts of the mechaﬁicai resonance peak with
respect to F = 1, and changes in absorption as a reduction in peak
height &t ¥ = 1. In addition ve see the F =1 increased mechanical
resonance width with respect to the widths of the F = 1 + &F curves.
Also in this figure is shown the sensitivity enhancement factor as a
éhange in the_amplitude of the modulation. In féct, if we were to plot

the modulation amplitude vs. freguency, we would‘obtain a rectified

"image of figure 4,

III-2-4.  CALIBRATION OF THE CALIBRATOR

. For attenuation, the calibrator system is itself calibrated with.
an external”inéertion-loss standard. For this purpoée, we use standard

click-stop 0.1 and 1.0'dB attenuators. Chenges in the ultrasonic

' signal (AAl, AAE, or A{A() are carefully measured by AC coupling the

detected RF signal to an oscilloscope. First, tfie calibrator attenua-~

tion is adjusted to a, -as described in the theory operation. Next,

thersignal lamp'intensity is set such that the change in ultrasonic

gignal produced by the attenuator is exactly métqhed by that produced

' by tﬁe siggal lamp. For AC operation, the light chopﬁer.is on so that

the ¢hange in ultrasonic signal appears as .a modulation at the chopper

freqﬁency. For D{ operation, the change in ultrasbqic signal is 8
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decrease in the detectgd amplitude. With the attenuatidn calibration
proceduré performed as above, the change in attenuation Aa in the CdS
_equals the change in attenuator setting in dB. To verify that the above
conditions.calibrate the éystém, it is necessary to examine what is
actually measured.

Let us define Al as the ulffasonic signal used with the'calibra—_

tor. Also, define Ai such that the observed change in calibrator

' output due to the signal lamp is AA

L Al - A'., Furthermore, we let

1

C be the attenuator insertion loss factor determined from:

xdB = 20 log (KI_} o (TIT-14)

whére ¥ 'is the dB change dialed in. Then:

(%5}
c =10 | - (ITI-15)

' For example; if x = 1, ¢ = 1.122. When the calibrator signal is set
equal to'the'signal produced hy x attenuation loss; we obtain the

. condition:
A - A = A - cA B (I11-16) -

Therefore, A! = cA

1 , and since at the pesk of resonance A = (1/oa)

it can be shown that:

a=d N ¢ s Sk O N
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The change in o in aB is;

20 log =7 = 20 log et = -x dB (111-18)

‘Therefore; the dhange in o in the calibrator is accurately known

and is equal"to—tﬁe change dialed into the attenuator. Even though no
mention has been made of sensitivity enhancement duriﬁg this initial |
calibration,rit hes been taken into account during the procedure;
Equations I-10, IalT,'ahd I-18 can be used to describef&‘chﬁnge.iﬁ the"
Al signal,at.thé resonance peak using the sensitivity enhahcement

féctbré as: . ’
, (111-19)

aa, (e=1
| - At = = - d - S R = o1
Al' -Al. AAl oy Aoy 5 Ja¥e 5 Q-fAl( p )
. -G Q& ] ‘

where c¢ is the change in. o as in equation III-17. From I1I-19, wg

deduce that Ai = Al/c 80

A

xdB = 20 log Ki-z 20 log ¢ (111-20).
1. - ‘

This is the result expected from equation ITI-1k and therefore,

sensitivity enhancement factors have been taken into account.
For dispersion measurements, the calibrator is calibrated with an

accurate frequency counter. Whether we change k pf' km in the

| equations of section I does not affect the amplitudes of changes in
ultrasonic signals. Therefore, we may frequency modulate (FM) the RF

: ‘carrier'to produce the same effect amplitude wise as a modulaﬁed»phaéé

9 ' : ’ &
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velocity.. Thé 1dent1cal procedure is followed for dlsperSLOn as for
attenuation except we use the A (out—of—phase) ultrasonlc slgnal (see
seqtlon I)._ Instead of using for comparison the ghange‘in A2 due to
,an‘atteﬁuator,.wé use the change in Aé due to a known FM amplitude..
The signal lamp intensity is set to produée the same AAE as the FM
produces. As'ﬁefore, the Ak - for the signai lamp is then equal to

the Ak for the FM oscillator.
 111-2—5-- CALTBRATCOR ERROR ANALYSIS

TWO ba31c assumptlons are made for the callbrator. The mdst

: 1mportant is that conduct1V1ty varies nearly 11nearly Wlth 11ght
intehsity, For the lower levels_of 1llum1nat10n, most_llkely used
.witﬁ;thé calibrator, this.is ffue.‘ Deviaﬁions from linearity at

1ntense 1llum1n§t10n or: 1ow tempefatures have been seen39 but differ from
;saﬁple to sample. An error such as this wnuld be apparent instantly
 from the callbrator output, since & plot such as flgure 30 would not

be l;near, In fact, if data. similer to that in flgure 30 are linear at
.the ﬁofe.intense 1llum1nat10ns,‘they will surely be linear at the more‘_
‘important smaller changes in paraméters.. | )

- The secbﬁd'basiC‘assumptiﬁn islthat the slope:of light iﬁtensity'
versﬁs abédrption‘o; dis?ersion aé sﬁown in figﬁré'QT is Constant,overx
" - the fegion bging'used.- In fact, the slope changes are small. For
eﬁample, the slope of the attenuation Cur+e is: |
'29”. 1. 2

v (11-15'2)2 .

ar 2

Gz

[
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: Eut rhls need not introduce a 1arge error in the. systeﬁ, Once the-
callbrator has been callbrated for some value of o ~ (i. e., F‘ has
~ been set with the bias lamp), the ErTor 1ntroduced by equatlon III-Qllls
fixed by the range of ha ‘used.  For most experlmental work, the smaller
: Aa values are most 51gn1f1cant since large changes in' o may be dlrectly
"meaSured from resonance w1dth studles.lT- For eXample, in figure 30 the

= 0.032 cm._l curve covers about two orders of magnltude in Aa, vet
the: slope changes by less than 0. 02 percent which is insignificant. |
'Actually, so long as F < 0. 2 the change in slope of 0 versus ‘1light -
,(equatlon I1I-21) changes by ‘only. 5 percent ThlS meane that the -
callbrator need not be recallbrated for each specimen of 1nterest at
1a small decre&se in accuracy - However, for hlghest accuracy, the pro—'
‘cedure outllned in the prev1ous sectlon should be used for each change
1n spec1men especlally for values of F > 0.2,

'l Other nonutheory errors. ere related to the accuracy of the neutral

e‘denslty filters (s pErcent for this case), the stability of the lamp

1nten31t1es and finally, noise in the spectrometer 1tself



III-3. “ACOUSTOELECTRIC' ULTRASONIC POWER DETECTOR

ln this,section results of!theoretical and experimental analysis are
' ‘presented for an acoustoelectric ultrascnic power detector simllar to one
dlscussed in reference l2. The significance of power detection for pulse&
as well ds CW measurements is described.' Calcglations of the acousto-j
electric voltage based on a theoretical moﬁel with toth constantlas ﬁell
as exponentlal electron density are presented for a flat and parallel
ultrasonlc resonatort An anomolous change 1n sign of the acoustoelectric
voltage for certaln condltlons of resonator length and - charge dlstrlbutlon
1e reported Whlch hes not been accounted for theoretically. Experl—i'
meﬁtel data areipresented which agree with'otﬁef aspects of‘the theore:
‘ticallmodelland further demonstrate the benefits of power detection.
".Ultrasonic measurements made on flat and parallelrs&mples‘are
,rel&tlvely eesy to ottain,with either pulse echo or continucus wave
_teehhiqpes;‘ Modern aﬁpliéations, however have taken ultrasonics from
the laboratory with controlled flatness and parallellsm to the real

‘world of non-destructlve testlng and blologlcal monltorlng Serious
dlfflculty in 1nterpret1ng ultrasonlc data often, arises for these modern
appllcatlons. A significant cause of ungsable data 1s phase modulation
”due to non—homogeheous samples and oon—parellel reflecting interfaces.

For example, phase variations due.to non—parellelism meke accurate

attenuatlon measurements difficult 1f not 1mp0551ble 13,40 and lead to

17 of mech&nical resonance width and modulation

1nhomogeneous broadening
' of'pﬁlse echo decay patterns. A detection technique insensitive to

rhase information‘in the acoustic wave would eliminate phase modulation
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. effects in. the resultlng 51gnal Since ﬁltresonic éower is felated to.
o the square of partlcle veloc1ty, a true power detector would be insen—
-sitive to reletive phaSe varietions in particle displacement in an
',ﬁltreecnic Weve, lhﬂrefore, e physicel.pheﬁomena linearly related to
- acoustic pcwei‘cen.be ueed as the basis‘of'a power detector._ The

acoustoelectric effect is such a phenomena.

I1I-3-1. THE WETINREICH RELATIONSHIP WITH CONSTANT ELECTRON DENSITY

'Asrdiscussed in Section ITI-1, the coupling of an ultrasonic wave

to.charge cerriere in a piezocelectric semiconductor lesads to an increased

- abserption: A Secoﬁd'espect of this absorption is an electric field (or

' curyent) due to.the phonon wave. This latter effect is called the

o 41
acoustoelectric (AE) effect theoretically predictéd by Permenter

'hin 1953._ Physxcelly, the AR effect 1s produced by the transfer of
F.momentum from the ultrasonlc wave to the conduction electrons and valence

3;noles; The coupllng mechanlsm between the phonons and charge cerriers

-_'mey be elther the deformatlon potentlal or the plezoelectrlc effect.

wcerflers was'observed in germanium. Weinreich

g(for a short circuited device) of as an electrlc field E

réesult of the momentum transferred is:

z‘.r

“The first observatlon of the AE effect was by Welnrelch & Whlte in

E 1357 In referénce ME the deformation potential coupling to charge’

b3, links the megnltude of

the AE effect ‘to the loss of energy by the ultrasonlc wave. His argunent

. 1is that the momentum flux carried by the ultrasonic wave (whlch is the-

energy flux lelded by the wave veloc1ty) must appear as a dc force

'exerted on the free carriers whlch absorb the ultresonlc wave. There-

fore, the AE effect manifests 1tself externallY elther &5 a current

AR The net
ub k5
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E,_===>f . - (II1-22)

whé?é ® is the power flux in.thé wave, v 1is the wave velocity, a.

is the ﬁttenﬁation, n is the carfiér denéify; e is the charge per
cerrier, and f is the fraction of mobil§ spaée charge (1-f is trapped).
Equatioﬁ 11122 is‘yalid undef—the ass@%pfionslthat _ub‘>>‘w and th&t

the arift velocity due to'fiéids'inrthe resqnétorris much less thén.,-

' the ultrasonic ﬁhase_vélocity. ‘Using,equatioﬁ III%h énd‘III—QE ﬁith

the relationship thﬁtK ¢.= nel, one obtains:

E_ = < oy [ w” ]
AE @ eve WP LR - - (I1I-23)
. C .

'Foflthel¢ase @é << m,the.acoustoeléctric field is_indép?nthF<of
fréquénéy..iHQwéver,:forn Qe'>> ul, fhe‘fiéld vgries_aslthe SQQaré'of
-frééueﬁcy. Thé frequency dependence would seem to Eliﬁinate the
_acoustoelectric -effect as-a candidate for usé in thelpower‘Qetector.
. in fact, for the power detector we mggsure‘an AR voiﬁage. VAE vwhich,
aé shown-belbw, elimiﬁates thé frequency dependence problem.

| AR is e;iminaﬁed when we integrafe
the field throuéh the length of the detecfon. If the assumption isg =~

The ffequency dependence of E

made that the detector is flat and parallel, that insignificant mode
cdnvérsion occurs at the reflection bqundary and that complete reflec~

tion cececurs at that boundary the VAE becomes:



T

a/2 . 8/2 - = o
- : Camox, T2 =0l
VAE = EAE-e dx‘ . e EAEef» ax +
(VI ‘ : 0]
\a/é‘ '
f e e ax - ., .=
. AE
o . .
B ob uBIEES o B S
- [l -e ] I (-e %) : S (ITI-2k)
: .‘:'.‘j'=0 . . . . .

Z_'where a/2 1s the detector length. This fesﬁlt 15 31m11ar to one
-fiderlved in reference 12 If we neglect carrler trapplng (valld for
“w l >> T= 10‘9 seconds-trapplng 'b:.me)hh and comblne -equation III-23;

l'.jand III—Qh the acoustoelectric voltage becomes

V.o s—2(1-e 2] 5 (e 2) (Ir1-25)

~AE  nev _ - ' : S

o : : juo ) : .
‘_1fA plot of this functlon is shown .in flgure 3Ll for values Uf %2 7

‘v;ﬁequals 0 1, 0. 5, l O and 2.0 for a constant n (1 e., fixed. u) 'uNote

‘that the oscillatcry behav1or of VAE

iﬁftlon number and’ increasing aa/2 In fact for large oa/2, vAE

‘V;becomes 8 functlon of acoustic flux only {(n flxed) - This condltion
"‘is.ldeal for.a power detéctor; Other optlmum condltlons for this 51mple
'}"model are apparent in figure 35 Here VAE from equatiqn ITI~-25 is

.,plotyed as q function of ag/Qa for sevéral values of Jj. The acousto-

:l:électric voltagé geﬁerated_ﬁor the J = o term is'larger.in amplitide

{'than for any other j value. This lndlcates that for this model, Zero.

freflectlons in the power detector would achieve the optlmum VAE Zero

damps.out with'increasing reflec-
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 REFLECTION NO. j
Figﬁré 3H5 l' Acoustéé;eétric voltege for several valﬁés of ué/2

-as 8 function of reflection mumber j. ‘Note that
jr= 0 produces the largest VAE for & particular
value of aa/2 (fixed n). '
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- 'nev

‘-iﬁigufé‘35) - The scoustoelectric voltage for several different'
- values of j, as a function of 0s/2. This shows

- that the condition j = 0 optimizes V,. (for fixed n).



__propertles of CdS. By varylng n and therefore o, an optimum V
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Erefleetiene,pan-be echieved Ty properly matching the acousticrimpedance
“of the power detector with that of an external material. Impedance
umatchlng is nearly realized by waxing the reflect1Ve surface thereby

‘-absorbing the acoustic wave without reflectloan

III-3-2. THE WEINREICH RELATIONSHIP WITH EXPONENTIAL

ELECTRON DENSITY PROFILE

,}hlthough'III—ES'dees indicate some design p&rameters, a more com—'

tplete model should include effects due to non~constant electron den51ty

A 51mple method of controlling n makes use of the photeconductiVe

AE

7; should be echleved for various detector conflgurations. A 51mp1e method
vof controlllng ‘n makes use of the'phqtoconductive properties of Cdas.

';f ne'assume'ultraSOund is incident on & CdS power detector from the

% = a/2 side and light 1nc1dent from the x = o side, we have a

kcompllcated comblnatlon of effects to include,

: For exemple, the light 1nten51ty ig not constant through the length

'oﬁ the crystal This is due to the light absorptlon (a) in the crystal,
a For llght with a wavelength corresponding to an energy greater than the

. bandgap (A < 0 5 micrometers), the photon_absorptlon coefficient is about

1057cn.l and drops to-lees than 1 cm."l near A = l.O'micrcmeter.,.A

second complicetion due t0 non-constant 1n concerns the electron

- mobility. Since electron mobility is a function of conductivity, =

fnumerlcal solutlon for the V became necessary. A computer program

AE

o was ertten (see appendix 1} for a Hewlett Packard computer to include

gone of'the effects of 53 non—constant n, For this analysis, n is

replaced with:



;f ‘_:‘_. e . gn= n_ exp (-3 x) . - (111-26)

I o ’ '
i

where n0 is, the photoelectron concentration near the surface. To calcu—

glate.the mobillty, exper;mental-data reported in reference 39 was used

. to derive the following empirical relation:

J;Jfﬁ‘, :J‘ “ u i-(33‘log n - 200) em®/volt-second (I11-27)

A .This reiatlonshlp is valld for values of 109 <n<10 h. To appiy the'

theoretlcal calculatlons to an experlmental detector, the value of n,
 13 related to a measurable external parameter - detector ré31stance.

R The aésumptlon 1s made that the detector is & 0.7 X 0.7 X0.1 mllllmeter
: slap‘of photpconductivg CdS. The resistance of such a slab is found to.

i

Cber
,;.,az,.(x)-d'x'a/znxe -1 _ '
rR= [ BESE J; ({olxlen) — +B—ax - (III-28)
"Subétiﬁuﬁing_equﬁtion III-26 into IIT-28 and eolving for the surface
@e%etﬁron'density we obtain:
[exp(a a/2) = 1]

n = ; - .l . . .(:III—29)
' AepR a - .

3

: whérés.R is,thé.detector resistance in otms, and A is the detector
‘cross sectlonal aresa in cm.e. An iterative method is used to“obtain

,flnal values Qf o, assumlng an effective moblllty in the calcul&tlons.
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. "Basically,. the value for n, in equation III-29 is used in equation ‘
III—ET'to obtain a new value of p which in turn is used to calpuldte

a ﬂewJﬁalue of e The conductivity is then determined by:
o{x) = n{x)e u{x) - = (II1-30)

and used in equatlon III 5 to calculate the ultrasonlc absorptlon due
tp-the phonqn - charge carrler interaction. Flnally, equatlon IIY- 23
is used with the aboﬁeICalculations to obtain-a value for the acousto~

electric’voltége:

R R i= (- 1)J 1 N( 2
v =" "5 | I AE ( )= I 2N’ Eyn (x) (III-31)
ST ‘all. i=o all = i=o :
"reflections - S " reflections

Ti=o L | Ci=o

where N equals the summation interval.
A detalled program of these calculatlons is sho;n in appendlx 1.
The results of these calculations for values of a from 1 to lOO:
:{'are shown in Tigures 36(A) 36(B) and & swmary in figure 36(C). TFor
:each case, a low conductlv;ty {0 = 1.6 x l0'6 (Q—cm)"l) and -a high '

-6

. eonductivity (o = 7.5 x 10 .(thm})“l) AE voltage are preseﬁted. In

:figdfes 36(A ) and 36(B), V,p is shown as a functich of reflgcfion number
 wh1ch is the number of tlmés the ultrason1c wave is at the x = o
.surface. For these calculatlons, it 1s assumed that the acoustic
'iexciﬁamion is left on so that we are observ1ng the VAE superp051fion '

" to equilibrium. .
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conductivity samples as a function of reflection

number j for several different values of optical
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'Figure;BGA) The acoustoelectric voltage for both high and low

absorption @. Reflection number j corresponds to

the %=0 surface,.
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Figure 36B) .  The acoustoelectric voltage for both high and low
conductivity'sémples as a functidﬁ of reflection numberi_
_j for several different values of optical ebsorption
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surface.
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The acoustoelecﬁric voltdée'at reflection number
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Figures 36(A)'and 36(B) show the effects of non-uniform charge

‘ carrief distribution on V,_. For the cases presented, the low conduc-

AR
tivity VAE are greater than the high conductivity VAE' In addition,
as & increases the lVAE decreases. This is more clearly shown in
figure 36(C) which shows VAE vs G. The results of the simple model

_showm in figure 3b end 35 are not sufficient to predict the effects of
& non conatanf n. In fact, even the more éomplex model does not pre-
- dict an anomalous sign reversal of the acoustoelectric effect reported

in the following section.
IIT-3-3. EXPERIMENTAIL RESULTS

]An-experimental AE detector was built to verify the results of the
simplé as well.aé the more complex ﬁodel. The basic design of the
Zdetéctornis\shown in figuré 37, aloﬁg with the‘éxperiﬁental arrangement
}ﬁt;;izéd té obtain ‘both the AE detect&r response as-well as the phase-
seﬁsifive.resppﬁée. |
| The cas @étector for this test pﬁrpose vas a 0.7 X 0.7 x 0.1 milli- '
meﬁer‘slab'cut from a boule of single—crysﬁal type A photoconductive
maferial.l The "C" exis was aligned normsl to thé-flgt and parallel
f&ces. 'Thé.crystal was bonded with indium or a coloidal solutioﬁ of
graphité (aquidég) to a quartz resonator. Ultrasonic energy intreduced
:';nd measured in the quartz by a sampled CW (see Section IT-1) ultrasonic
spectrometer is compared with the measured VAE‘ Fof'this purpose,
the C4S is weakly éoupled to the quartz sample minimizing ?erturbationA

| to the resonator acoustic field.
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Accustoelectric power detector test configuration.

" The CdS power detector has one transparent In

contact. Piezoelectric voltages generated in the

power detector are‘blpcked byithé low"pas; filter ~—

s0 that only acocustoelectric voltages are displayed-

on the oscilloscope. '
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The sampled Cw.response for this resonator shown in figure 38 was
flrst reported by us in reference 46, Superimposed in this figure are
the cutputs_of an AE detector and a piezoelectric deteetor for s sampled
CW parallel reeonator decay at 5 MHz, The piezoe;ectrie detector is
shown_es an RF envelope while the AR detectof'apfeafs as a solid line.
‘As eﬁtieipeted,-the AE‘power response decays at twice the rate.of the
‘piezoelectric.voltage'respense. Although thls meens the AE detector
. Wlll be in the noise faster than a piezoelectrlc detector thlE is not
a severe handlcep for most signal levels. |

| Flgure 39 shows a more famlllar pulse echo decay for a non—parellel 7
quartz,semple. Agaln, as in figure 38, both a plezoelectrlc detector
je{lower figure) and an AE detector {upper flgure} are shown. In eech
case, ‘an electronlcallngenerated exponential decay is _superimposed
on the,decays for cemparlson. The plezoelectrlc detector shows severe
non—par&llellsm effects (phase cancellatlon) while the AR detector
metehes the electronlcally-geeerated exponential decay, These agree
‘.-w1th 31m11ar fxgures ‘ghéwn in reference 12, While.itrwnuld be difficult
.to determlne an absorptlcn for the piezocelectric detector case, it is
‘szmple for the AE detector case.

Insteed of 1ook1ng at the time domain decay as in- flgures 38 and
39, flgure 40 shows a frequeney domein line shape for both the piezo~
electric end AEldetectors for a8 parallel resonator‘at.lh MHz. The AR
leequhse-is eéproiimately the square of the piezoelectrie reeponse with
. the fell width at i/é pover in agreement to sbout 1 pereent (Q.HlKHz
for the pieéeelectric case, 9.3 KHz for the AE casel). . Recall that 1/2
power for the piezoelectrlc detector occurs at O, 107 peak helght whlle

1/2 power for the power detector is at 1/2 pe&k helght.
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A sampled CW response for the test configuration of
figure 37 showing the response of both the power
detector (solid line) as well as a piezoelectric
detector (RF envelope). The power detector voltage
decays at twice the rate of the RF envelope (ie. power

is proportional to voltage squared).
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Figure 39)

Pulse echo pattern of a non-parallel quartz resonator

as measured by the power detector (top figure) and a
piezoelectric transducer (bottom figure). An
electronically generated exponential is superimposed on
the decay pattern for comparison. The power detector
conforms to the exponential decay while the piezoelectric
detector is modulated by inhomogeneous phase shifts

thereby making measurements difficult.
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" Figure 40)

H

(Frequency‘damain lineshape for e parallel quartz

resonator as measured by a power detector (solid line)

and a diode detected piezcelectric transducer {dashed

curve). Half maximum on the powér detector corresponds

to 0.70T on the piezcelectric detector.

TRIC DETECTOR
| ,-—— PIEZOELECTRIC g
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Figure k1 shows the same situation for & non-parallel sample.
of intérest aﬁe the several ﬁeaks preéent'in the AE r§3ponse that do
- not appear'in‘fhe piezoelectric response. It is believed that phase-
Canéeliétion effects obscure the "real resonance shape in the piezo-
electric respénse. Therefore, informetion is lost by not using power
detection where phase cancellation occurs,

The experimental results reported in figures 38-h1 vefify the
' apérating characteristics of a power detector as ﬁfedicted by the
simple n = constant model. Complications due to ?h&se modulation of
the ultrasohic wave are clearly absent in the pulée echo data for a
' non-parallel sample. In addition, SCW data show that the AE detector
dgcéys at twice the rate of a normal phasensensitive:detector as is
expected. .To verify the more complex n # constant model, the same
~experimental qonfiguration shown in figﬁre 37 is uged to obtain the data
reported in fiéure 42, When the light amplitude was varied a region

was located where V

AF would change sign due to a change in sample

pﬁbfécon&uctivity. kfhe upper dscilloscope figure éhowé bo£h VAE (tbﬁ
trace) and thé sampled CW decay (bottom trace). The sign of the VAE
is positive indicating an anomalous acoustoelectric voltage. The sign
reversal haé not to date, been accounted for. The RF is seen to decay
in less than 100 wicroseconds while the acoustoelectric voltage is seen
“to decay in ébout 250 microseconds. The long decay time is attributed

in part to the RO time constant of the low conductivity sample and the

measurement eguipment.
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POWER DETECTOR //

- RELATIVE RESPONSE FOR U
- NON - PARALLEL SAMPLE

-wv

PIEZOELECTRIC DETECTOR

FREQUENCY ——som

Figure 41) .‘Frequency domain lineshape for a non-parallel quartz
resonator as measured by a power detéctor and a
piezoelectfic detector. The additional pesks in the

- power detector lineshape are missing inlthe piezoelectric
'-liﬁéshape.- This is attributed to phase cancelation

resulting 'in lost information,
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S5CW time domain decays for both the power detector

and the piezoelectric detector for low sample conductivity
(upper oscilloscope picture) and for high sample
conductivity (lower oscilloscope picture). The power
detector voltage reverses sign in the lower picture

and is not explained by theory.
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The. lower oscilloscope figure shows the case for high conductivity.
The decay of the .V . is two times faster then the decay of the RF (as

verified in figure 38) since Vg

is power and the RF is voltage. The
sign of the VAE: is now negatifé compared to the upper oscilloscope |
figure'(low conductivity) and behaves as is predicted by the écousto—
electric effect.

| The experimental resulté along with the proposed model indibate
that it is necesséry to take the photoelectron densgity distribution
into account to analyze the acoustoelectric effect for casés where n
s not constant., TFigures 35 and 36 indicetes that an optimization of
VAE can be found-by varying & and reflection nﬁmber.' In fact, the
model may Be used tq obtain optimum conditions for the parémeters of

" sample length, conductiviﬁy, electron distribution, and reflection

number to suit a particular application.



TABLE 1 - Comparison of
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Pulse Echo and Tous Specﬁrometers

Pulse echo

=10° He

Parameter Continuous wave
PE (ToUS)
1. Cost $20K $1K ($O.2K perﬁaps)'
2. Instantaneous relative | 1000 1 |
power
3. Dead time 50% or higher 'zo.i% per éount/min at.most
Seﬂsitivity enhancement < 10 in water =i0 in water (éimple)
(complicated
by echo
selection)
5., Marginal bscil;ator‘ None *102 with signal to noise
signal enhancement {mprovement of =5 bvér{_.
existing CW téchnidues
6. Particle resolution ~100 w =50 u‘to te improved in
in. water | the future
7. ‘CoﬁblEXity Complex. <Inhereﬁtly'siﬁpie
8. Frequency uncertainty 6 |

=10 Hz
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 TABLE 2 ~ Electronic Parameters for Figure 36(A) and 36(B)

VALUES FOR FIGURE 36A

1

10

10

ea

2@

.30

30

35

35

, £0
Lo

R, 10° ohms

a7
120
a7
120
a7
120
27
120
o7
120

o

120

.1X1Q0

.8x10"

11

L9%x1.0

10

.hxloll

.1x107t

1

11

L0x10

12

.5%10

il

LTX10
xaot?
.ox1ott
Lox102

.LX1011

VALUES FOR FIGURE 368

L5
L5
50

50

55
60
60

T0 -
. T0
100

1100

R, 103 ohms

27
120
:
.-120
27
120
Es
120
QT
120
27

120

- 3,0%10
_7.3Xi0

3.6x10%

h.2x1012

1.1x1072

6.2X1012

1.5X1012

9.0><1012

2.2X1012

1.3x10%¢

3.3%10%°
13
12

X

§.8x10%3
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APPENDTX

The folloving program calculates the accustoelectric voltage VAE
generated ACTOSS & photocondueting CA8 power detecto£ illuminated from
: the x = o side and having ultrasoﬁicsrgenerated from the = =Rl |
side. The program takes into account the non-uniform cherge distribu-
: tidn'iﬁ the cfystal and the effect this has on the ultrasonic_attenua*“
tioﬁ and therefore, the acoustoelectric voltage. The variation of E
electron moﬁility with photoconductivity is included in the calculation.

Tﬁe program is written for fhe following.equipment:

1) Hewlett Packard 98204 Calculator
2)'Hewlétt Packard 98624 Calculator Plotter
3) User Definable Function I 112224 ROM

) Mathematics . 11221A ROM

5) Peripheral Conmtrol I 12208 ROM

"6} Option 0001 (429 storage registers) on the 98204

. LIST OF VARIABLES (program only)

Rl . 1length of sample {em.)

R2  initial ultrasonic energy £lux

R3 :Rl/B

Rk Semple resistance (0.49 em® area X O;l‘émiloﬁg)
35 ;no in equations III—éS, electron density

R6 number of reflections, J |

RT counter for piotter control

RE.R9 storage scrateh pad
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A ultrasonic energy flux
B numberlof major divisions in the integrallof equation IIT-15.
Near the X = o surface the interval is givided into B/10
(at -x = 0.2R1) and B/100 (at x = 0.01R1) to include high

surface absorption.

c VAE, the acoustoelectric voltage

x distancé‘from the light incident side (in cm.)

y ., expoﬁéht in equation III-26

FA functioﬁ calculateé mobility cmglvolt—sec

FB function calculates conductivity (Q—dm)—l

FC function caleulates ultrasomic absorption (cm“l)

,FD ' fUnption_calculateé electron density aé a function of b4
FE functiﬁh calculates "surface" electron density

#. .

=TAB1E:M;'TABLE‘5; Eﬁtér "FLUX", A »~ R2, B, "LENGTH", RL, "R",

“Rl, ¥; Fixed 1 | |

Scale - 4, 24, - 1.3, + 1.3

l Axes 0, 0, 2, 0.1

Letter - 2, Q;z, 632; Flot "V(AE)";

Letter - 3, - 0.2, 631; Plot "Reflection NO"

31;31/B+x;.31/3 + R3; If R9 = 0; FE (Rh, ¥) +R5; 1 > R9; Letter 15,
‘ 1,:6315 Plot "Yb"; Plot y .

. FD (X+R1/2B)»R30; If R6 = 20; CGo to 30

H

Fa (R30) » R31; If A/R? < 0.02; Go %o 30

FB (R30Q, R3L) + R33



“10:

11:
12:
13:
1he
15:
16:
17:
18:
”19:

él:

22

234

24
253
26;
27:
28

29:

30:

31:

32:

If x

If x

12k

FC (R33) » R32; A exp (-(R32 + 0.01)R3) » R8; Tf RB/R2 < 0.02;

Go to 30
{C+R3 % 1.4E13 # A % R32/R30) +~ C
Aexp(~(R32 + 0.01)R3) »+ A

If RY = 0; Space 1; Plot R6,

. If x = 0; Go to 18

If x £ 0.01*Rl; x - 1E - 3%*R1 + x; 1E ~ 3%R1 - R3; jump 3

If x £0.2 Rl; x - 1E-2*R1 » x; 1E ~ 2*Rl - R3; junmp 2

If R6 # 205 If A/R2 > 0.02; x - R1/B - x; R1/B + R3

Go to 5

H

0.01 Rl; jump 2

If x < 0.01Rl; x + 1E-3*Rl » x; 1E-3*R1 + R3; jump 4

0.2 ¥R1; jump 2

If x € 0.2%Rl; x + 1E - 2¥R1 - x; 1E-2%RL + R3; jump 2

'x + R1/B + x; R1/B + R3

FD (x-31/25}+ﬂ3o

Fa (R30}-+ R31

FB (R30, R31)} -+ R33

-FC (R33) ~ R32

(C ~ R3 *.1.4F13#4#R32/R30) + C
A exp (-{R32+0.01L)R3) + A

If x = Rly R6+1 + R6; plot R6, C; Go to 15

- Go to 17

PEN

Letter R6, C, 221; plot Rl; O =+ C; KL + 0.1 + Rl; print "No",

R5; K2 + A; print A; O ~ RT + R6

If Rl >1; Go to 34
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33: Go to k
34: PEN
35: END
USER DEFINABLE FUNCTIONS
o ?unction FA -~ calculates |, mobility
Step #

0: If Pl <E9; 97 » F; jump 3
1: If P1 > E15; 295 = F; jump 2
2: 33 10G P1 - 200 + F

3: end

" Function FB - calculates o, conductivity
Step #
0: PIP2 ¥ 1.6 - 19 + F

1: END

Function ¥FC - calculates @, ultrasonic absorption at 5 Mz
- Step # ,
0: 2.8E - 5(PL/(P1P1 + 6.8L - 10)) + F

1: END

&

Function Fﬁ, calculates n(x), charge dénsity for n{x) > 10
Step #

0: If Y+ PL > 2 jgmp 3

1: If_(BS*exp (~YP1) - P2) > E6, EE + F,; jumﬁ L

e2: If P2 < E6; jump 2
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. If (R5% exp (-YP1) + P2) > E6; P2 + F, jump 2

-If P2 £ Eb; E6 + F

END

Ffunction FE, calculates nol in equation ITII-1D

170 » Ph

(1/49)(1/(P1¥1.6E -~ 19%PuP2))(exp (Rl P2) - ;) - B3
If Absolute value ((FA(P3) - P4}/Ph < 0.05; jump 2

FA(P3} > Py jump -2

If P3 > E6; (P3 > BR5) + F; Jump 2

(E6 > R5) + F -

END
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