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FOREWORD 

This report describes the work conducted at Pacific North

west Laboratory to evaluate acoustical holography techniques 

for the characterization of light water reactor weld surface 

signatures in the nuclear safeguards program. 

Special thanks are due Dr. James M. McKenzie for his 

excellent cooperation, guidance and support in this program. 
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CONCLUSIONS 

The primary objective of this program was the evaluation of 

acoustical holography techniques for characterization of the 

light water reactor weld surface signatures in the nuclear 

safeguards program. 

The accurate characterization of weld surface irregular

i ties and vertical deviations was achieved using acoustical 

holographic interferometric techniques. 

Preselected weld surfaces were inspected and the vertical 

deviations characterized by phase measurements or fringe den

sities in the image. Experimental results on Sandia samples 

verify depth deviation sensitivities of 0.11 ~m to 0.16 ~m. 

The two point interferogram technique (see Section 3.3) is 

recommended for surveillance of the weld surface associated wi th 

fuel rod removal in the nuclear safeguard program. The use of 

this unique holographic signal processing provides essentially 

a fail-safe method for surveillance of clandestine fuel rod 

removal. 

Statistical analysis in Section 4 indicates 99.99% (weld 

surface deviation) confidence interval between 2~m and 3~m 

can be achieved. These results illustrate the extremely high 

resolution capabilities of the surveillance technique employing 

coherent signal processing. 
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EVALUATION OF ACOUSTICAL HOLOGRAPHY FOR THE 
INSPECTION OF LIGHT WATER REACTOR WELD ASSEMBLIES 

INTRODUCTION 

This report descr i bes work by Paci f ic Northwest Laboratory 

to assist Sandia National Laboratories to meet its general 

requirement for investigating new safeguard inspection tech

niques for light water reactor weld assemblies. The present 

technique employs three acoustical focused transducers posi

tioned in a unique jig above the securi ty fuel rod weld cap. Two 

sensors interrogate the weld surface with broadband pulses and 

the return echoes are analyzed to determine weld integrity. Fuel 

rod removal through the cap requires destruction of the existing 

weld and rewelding to prevent theft detection. The theft is 

revealed by the new weld structure that is detected by ampli tude 

correlation techniques during the next inspection period. 

The reliability of the inspection procedure is determined 

by the abil i ty of the acoustical ampl i tude correlation technique 

to reveal subtl e changes between the two weI d surfaces (i. e. , old 

and new). 

The research conducted at PNL employs the use of "acous

tical holography" for the inspection of weld surface integrity. 

The holographic technique uses coherent signal processing of the 

reflected signals to characterize surface deviations. The appa

ratus used for weld crown surface inspection is a holographic 

system operating in the focused hologram mode employing an 

elec tronic simulated or acoust ic reference beam. The def ini t i on 

of this class of hologram is simply the interference pattern 

between object and reference beams with the condition that the 

object is in focus at the hologram plane. The variable simulated 

inclination angle provides the capability of controlling the 

fringe densi ty wi thout the use of different frequencies, as wi th 

the more conventional optical techniques. 
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External surfaces such as irregular weld surfaces, etc., 

can be inspected with the deviations in fringe density repre

senting the height or depth of the irregularities. The use of 

multiple acoustic paths (i.e., echoes) dramatically increases 

the depth resolution by changing the fringe spacing criterion. 

The spacing between fringes represents A/2k deviations in 

depth where k is the number of multiple paths or echo returns. 

Thus, simply the going from the first to the sixth echo, the 

depth deviation between fringes decreases from A/2 to A/12. 

Experimental results on preselected Sandia weld samples 

indicate surface deviations can be detected within 0.11 

to 0.16~m. The 99.99% confidence interval using 20 measure

ments is approximately 3~m. 

The results illustrate the unique resolution capabilities 

of the holographic technique applied to weld surface surveil

lance. 
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1.0 ACOUSTICAL INTERFEROMETRY THEORY 

Acoustical interferometry techniques usually parallel 

those previously done in the field of optics. Naturally 

there are special cases in acoustics which are impossible to 

duplicate in optics because the detectors, sources, etc. are 

physically different. The method described in this report 

employs a simultaneous focused source-receiver scanning tech

nique with a simulated or acoustic reference. This system 

coupled with a focused transducer and multiple path echo 

selection represents a very unique interferometry imaging de

vice. The fringe density or spacing criterion can be con

trolled without changing the insonification frequency. 

Figure 1.1 shows the geometry for constructing an acous

tical interferogram using a focused source-receiver trans

ducer. The phase at the receiver point (x,y,z,) is 

SIMULATED 
REFERENCE 

SOURCE 

(PLANE WAVE) 
(XX VARIABLE) 

OBJECT POINT 
(Xl' Y l' Zl) 

SCANNING SOURCE-RECEIVER (X, Y, Z) 
(FOCUSED) 

x 

SCANNED 

Z 

Figure 1.1. Interferogram Construction Geometry. 
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~l(X'y,z) = ~O(x,y,z) - ~r(x,y,z) 

and 

where AS = acoustic wavelength in the medium 

Zl = object to receiver distance 

Zo = object to source distance. 

(1) 

(2) 

The resultant phase (¢1) is a function of both the ob

ject and the reference phases. The reference phase is simu

lated electronically and thus the reference fringe density in 

the interferogram is selectable. The operator has complete 

control over the fringe density using only one illumination 

frequency. Fringes are produced when the resulted phase (Eq. 

3) equals 2nn radians. Equation 3 defines the condition 

mathematically 

(3) 

where n = 1,2, ... 

1.1 MULTIPLE PATH TECHNIQUE 

If we employ multiple path techniques (i.e., gating on 

the kth signal return or echo) the fringe spacing criterion 

is changed. Equation 3 can be rewritten in the following 

form 

(4) 

k = 1,2,3 ... 

-4-



where k is the number of multiple paths or signal echoes. The 

fringe or contour generation criterion is given by the fol

lowing equation 

!::.Z AS 
2k 

(5) 

where the reference phase is assumed constant. Equation 5 

shows the fringe density is also selectable depending on the 

number of multiple paths or echoes. 

1.2 FRINGE SPACING CRITERION 

Equation 3 can be written for two object points at dif

ferent elevations in the "z" direction 

(6) 

The simulated acoustic reference phase can be expressed 

in the following form 

(7) 

where d x is the reference spacing or grating for a flat plate 

parallel to the scanning aperture. Equations 6 and 7 are 

rewritten in terms of the object positions (x,z) 

<P1(x,y) 2iT(2Z ) 2iTX1 
2iTn (8) = AS 1 ~ 

<P2(X,y) 2iT(2Z ) 2iTX2 
2iT(n+1) (9) = AS 2 -~ 

where n = 1,2,3. . . 
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The difference between Equations 8 and 9 represent the 

criterion between fringes Cn, n+l) and the vertical change in 

elevation. The resultant equation is: 

where k = number of multiple paths 

d x VxTp (reference grating) 

~X = fringe spacing on the interferogram. 

(10) 

If we scan in the y direction, the equation is the same 

except ~y and d y are substituted for ~x and d x respectively. 
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2.0 DESCRIPTION OF SCANNED HOLOGRAPHIC IMAGING SYSTEM 

2.1 BASIC HOLOGRAPHIC SYSTEM 

Figure 2.1 is the block diagram of the scanning acousti

cal holographic system showing the various components. A 

brief description of the salient features of the imaging 

system will be discussed. Probably the most expedient method 

of describing the system is to simply follow the signal from 

the start (i.e., oscillator) to the final interferogram. 

Figure 2.1. 

(HOLOGRAPHIC OR INTERFEROMETRIC MODE) 
PO(X,y) Pr cos [$r(x,y)-"'o(x,yl] 

P02 (x,y) (INTENSITY MODEl 

"l" AXIS 

• INTER
PEROGRAM 

"X" lIyll 

Block Diagram of Acoustical Holography System. 
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The output of the high frequency oscillator which repre

sents the coherent source is divided or split into two sig

nals, the object and reference, which parallels optical in

terferometry or holography. The oscillator signal is gated 

to produce short pulses which are amplified and drive the 

source transducer after impedance matching networks_ The 

acoustic energy is focused by the transducer on the object 

and weld surface deviations are imaged. 

If we let the object signal at the receiver be described 

by the following equation 

So ( x , y) = Po (x, y) cos [w t + <I> 0 (x, y) ] (11) 

where Po(x,y) is the amplitude modulus and <1>0 the phase. The 

acoustic reference signal is simulated electronically and can 

be expressed as 

Sr(x,y) = Pr(x,y) cos [wt + <l>r(x,y)] (12) 

where Pr(x,y) and <l>r(x,y) are selectable. The two signals 

are multiplied and then time averaged. The resultant holo

graphic signal is given by the following equation 

liT Si(X,y) = T So(x,y) Sr(x,y)dt = 
o 

1/2Pr (x,y) Po(x,y) cos [<I>o(x,y)-<I>r(x,y)]. (13) 

Fringes or contour lines occur when the resultant phase 

equals ,:!:.2nn radians. This signal drives the "Z" axis of the 

storage oscilloscope. The focused image interferogram is 

then constructed on either the storage tube or television 

screen. 
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2.2 INTERFEROMETRIC MODE 

The use of interferometry in weld imaging provides ex

tremely high depth resolution and reveals very small surface 

deviations. The rather unique feature of this technique is 

its ability to differentiate between convex and concave de

fects with the programmed electronic simulated reference 

beam. Figure 2.2 shows the construction geometry and inter

ferograms of a convex defect on a flat plate. The elevation 

between fringes is easily calculated using the following 

equation: 

b.Z = AS (1 _ b.X) 
2K d x 

(14) 

where K = number of multiple paths 

d x = VxTp (reference fringe spacing) 

b.X = fringe spacing in the interferogram 

AS = acoustic wavelength 

The reference spacing is the distance between fringes on 

the zero slope area with respect to the scanning plane and 

the convex defect is easily identified by the increase and 

decrease in fringe density (scanning left to right). Very 

small anomalies and other defects are easily detected using 

this imaging technique. 

Figures 2.3a, b, c, and d are photographs and acoustic 

images of two pennies. These objects were imaged using the 

system operating at 50 MHz with the simulated reference. The 

fringe lines are extremely close on the head of the Indian 

and have merged together on the head of Lincoln (see Figures 

2.2b and d). The fringe density across either the Indian or 

Lincoln penny is selectable by varying the inclination angle 

of the simulated reference electronically. Thus, the opera

tor has complete control of the fringe density without chang

ing the frequency. 
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FOCUSED TRANSDUCER 

-------.l 
~=====================v~---x 

47'ZZ";5: ---. 2 • 6 nun 

W' 
(a) 

I 

}-

0. =0 
X 

I 
! 
I 

1-
(b) 

Figure 2.2. 

(c 1 

ACOUSTICAL 
FREQUENCY: 3.23MHz 

SCAN RATE (Vxl : 7.62cm/sec 
PHASE SHIFTER 

PERIOD (Tp) : 20m sec. 

REFERENCE ANGLE (0.) 18° I 0° 

4.3cm 

SIDE VIEW 

0. =17.2° 
x 

(a) Interierogram Construction Geometry, 

(b) Interierogram (ax = 17.2 0 , 0 0 ), and 

(c) Interierogram (ax = 17.20 ). 
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( a) 

( c) 

Figure 2.3. 

OBJECT: INDIAN HEAD PENNY 

ACOUSTIC FREQUENCY: 50MHz 

MAGNIFICATION: 0.9 

ELEVATION BETWEEN FRINGES: 

OBJECT: LINCOLN HEAD PENNY 

ACOUSTIC FREQUENCY: 4811HZ 

MAGNIFICATION: 3.6 

(b) 

O.015mm 

(d) 

ELEVATION BETWEEN FRINGES: 0.016rnrn 

(a) & Cc) are the Optical Images and (b) & Cd) 
the Focused Acoustical Interferograms. 
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2.3 ELECTRONIC SIMULATED ACOUSTIC REFERENCE 

If we assume an acoustic plane wave reference beam, then 

the reference beam can be expressed as 

Sr(x,y) = Pr(x,y) cos (wt - ~; x sin ax) (15) 

where $r(x,y) = ~; x sin ax' 

No loss of generality results in only considering two 

dimensions with the object located on the (x-z) plane. The 

signal contribution to the acoustic receiver by the reference 

beam is 

(16) 

whereVx is the scanning velocity of the acoustic receiver 

and 

2n V . 
wx = AS x SIn ax (17) 

Equation 16 represents a sinusoidal wave whose phase ($r) 

is a function of the scanning velocity (Vx ) and the inclina

tion angle (ax)' Thus, the acoustic plane wave reference 

beam can be simulated with an electrical signal of this form 

and combined with the object signal in a balanced mixer or 

multiplier. If the direction of propagation of the plane 

wave reference is perpendicular to the x axis, then wx = 0 

and the reference signal is simply (Pr(x,y) cos wt. This 

electrical signal, when combined with the object signal in a 

mixer, would simulate an on-axis plane wave acoustic refer

ence beam. Now, if the inclination angle is not zero, then 

the electrical reference signal must be phase shifted to 

simulate an off-axis acoustic reference beam. The simulated 

-12-



inclination angle is a function of the scanning velocity, 

wavelength of sound, and the phase shifter control voltage 

frequency. Naturally, in three dimensions skewed beams are 

possible with phase shifting and time delay circuits. The 

phase of the electronic reference can be shifted with respect 

to time by the following voltage waveform shown in Figure 

2.4. 

o t 

Figure 2.4. Phase Shifter Control Voltage. 

The control voltage radian frequency (wp) can be ex

pressed in terms of wx: 

P 21T 
W = 21Tfp = AS Vx sin ax (18) 

If the simulated plane wave is inclined with respect to 

a planar object (i.e., ax>O), then a linear fringe grating 

will be imposed on the interferogram.· The fringe spacing is 

a function of the scanning velocity (Vx ) phase shifter fre

quency (fp) and the image magnification (m). The fringe 

spacing on the interferogram is 

-13-



YxTp Yx AS 
d -----::= x - m - mfp sin ax (19) 

where ax = sin-1 (ASymfp) 
x 

Figure 2.5 is a graph illustrating the fringe spacing as 

a function of the scanning velocity and the phase shift volt

age. It should be obvious that any grating spacing or fringe 

z 
o 
I
U 
U.l 
a:: 
Cl 

x 
U.l 
::I: 
I-s 
Z S 

Z 
(J-
Z 

U 
<: 
a. 
VI 

U.l 
(J 
z 
a:: 
u.. 

x 

" 

Figure 2.5. 

100 

d x 
VxTp 

m 

fp 
1 
Tp 

m = 1 

10 

0.1 L-_____________ ~ __________ ~ __________ ~ 

1 10 100 1000 

T (PERIOD OF PHASE SHIFTER SAWTOOTH 
P VOLTAGE) INm-sec 

Fringe Spacing Versus Phase Shifter Period. 

density can be imposed on the interferogram by proper adjust

ment of the phase shifter control voltage frequency or scan

ning velocity. The grating spacing can be less than a wave

length which indicates the electronic simulation is more 

versatile than using an acoustic reference beam. The contour 

lines are usually constructed perpendicular to the scanning 

lines in rectilinear scanning. Figure 2.6 is a typical ref-
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lines in rectilinear scanning. Figure 2.6 is a typical ref

erence grating imposed on the interferogram (rectilinear 
scanning) . 

Figure 2.6. 

ACOUSTIC FREQUENCY: 48.2MHz 
SCAN RATE: 1.2mm/sec 
PHASE SHIFTER PERIOD: Tp=40m sec 

FRINGE SPACING: 1.6mm 
REFERENCE ANGLE: a x=41° 

Acoustical Interferogram of a Flat Surface 
Parallel to the Scanning Aperture at 48.2 Mhz. 
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3.0 EXPERIMENTAL RESULTS WITH LIGHT WATER REACTOR WELD ASSEMBLIES 

The acoustic experiments consisted of imaging various 

weld surface samples using focused interferometry technique. 

The fringe structure is determined by Equation 14 with d x ~ 00 

and K ~ 1. The distance between fringes represents an eleva

tion change of As/2 (i.e., 0.075 mm at 20 MHz). The sample 

weld surface interferograms illustrate the extremely high 

depth resolution capabilities of this technique. A low F

number focused transducer was used to provide excellent lat

eral resolution across the weld structure. 

3.1 INTERFEROGRAMS OF SANDIA SAMPLE WELD SURFACE STRUCTURES 

Figures 3.1a and 3.1b are the weld surface geometries of 

two selected samples (SPL-1 and SPL-2) and the outlined in

spection areas. The welds are approximately 6 mm in width 

and less than 1 mm in height above the plate surfaces. The 

two plates are approximately 3 mm thick. 

Figure 3.1c is the SPL-1 focused hologram or interfero

gram of the outlined area. The vertical elevation or weld 

surface deviation between fringes is 0.075 mm. The fringes 

across the weld surface illustrate the unique contour pattern 

or signature produced by the welding process. The flat con

necting plates also contain a series of parallel fringes of 

different density. This simply indicates the two plates are 

tilted at different angles with respect to the scan plane. 

Figure 3.1d is the interferogram of sample SPL-2 and the 

weld signature again appears extremely complicated with re

spect to vertical deviations, etc. The left side plate is 

tilted in a direction perpendicular to the weld centerline as 

indicated by the fringe structure. The vertical elevation 

between the weld and the outer inspection area is 0.525 mm 

-16-



(c) (d) 

Figure 3.1. Selected Sandia Weld Samples and Their Associated 
Interferograms Constructed at 20 MHz in H20: 
(a) Sandia Weld Sample SPL-1; (b) Sandia Weld 
Sample 2; (c) Interferogram of SPL-1; and Cd) 
Interferogram of Sample 2. Elevation between 
fringes is 0.075 mm. 
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(i.e., 8 fringes). The right plate is essentially parallel 

to the scanning plane as indicated by the fringe density. 

Figure 3.2 shows the Sandia weld samples (#3 & #4) and 

their associated interferograms of the outlined inspection 

areas. The acoustic interferograms illustrate the various 

tilt angles of the connecting plots and the weld surface 

deviations. Each interferogram represents a unique weld 

surface correlation pattern that uniquely identifies the 

64,000 sample point structure. Thus, each sample point is 

related to a specified phase value. 

The typical safeguard application involves only two or 

three sample points with their associated phase values. The 

phase sensitivity at 20 MHz in water is approximtely 0.1 

~meters/degree. Using two or three sample points for weld 

identification provides a unique high resolution phase detec

tion system. Weld falsification will be virtually impossible 

using this system. 

3.2 INTERFEROGRAMS OF REACTOR (PWR) TUBE PLATE 

Figure 3.3 shows the PWR tube plate assembly, interfero

gram and C-scan of the local area around holes 3, 4 and 5. 

the construction frequency was 20 MHz with vertical elevation 

of 0.075 mm between fringes. Inspection of the smooth tube 

plate requires a higher frequency to adequately reveal small 

deviations around the circular tube holes. the fringe den

sity near the holes 3, 4 and 5 is insufficient for charac

terization. The overall fringe density appears quite uniform 

and indicates the structure is tiled with respect to the 

scanning plane. The area around holes 3 and 4 is a typical 

C-scan illustrating amplitude information for comparison with 

the interferogram. 
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Figure 3.2. Selected Sandia Weld Samples and Their Associated 
Interferograms Constructed at 20 MHz in H20: 
(a) Sandia Weld Sample #3; (b) Sandia Weld Sample 
#4; (c) Interferogram of Sample #3; and (d) 
Interferogram of Sample #4. 
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Figure 3.3. PWR Reactor Tube Plate, Interferogram and C-Scan: 
(a) Tube Plate; (b) Tube Plate Inspection Area; 
and (c) Interferogram and C-Scan 
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3.3 TWO POINT INTERFEROGRAMS OF NUCLEAR SAFEGUARD WELD ASSEMBLY 

Figure 3.4a illustrates the dua l transducer two point 

interferogram construction geometry. The nuclear safeguard 

weld ~ssembly is located directly below the transducer jig 

with its water coupling reservoir. Each transducer samples a 

unique point on the weld surface. The point size or area is 

determined by the transducer F-number and illumination fre

quepcy. The transducers supplied by Sandia operating at 13.5 

MHz illuminated a 0.2mm2 circular a r ea. The depth deviation 

sensitivity (6d) at 13.5 MHz in water is 0.16 ~meters/degree. 

#1 

HOLOGRAPHIC SIGNAL PROCESSING OF WELD CROWN DATA 
(TWO SAMPLE CRITERION) 

FREQ. 
OSC. 

AI D A, MULTIPLIER ...... --..;..;;~~~ DIGITAL 
PHASE 

#2 

WELD CROWN 

SIDE VIEW 

~"M""" 
TOPVIEW 

(a) 

(b) 

SIGNAL ANALVSIS 

• OBJECT SIGNAL #1; A, = A,(X . VI COS [wt + t,PdX. VI] 

• OBJECT SIGNAL #2; A, = A, (X. VI COS [wt + t,P, (X" Y,I] 

• OUTPUT SIGNAL; s, ., (X. VI = A,(X,. V, I A, (X,. V, I COS [t,P , (X" V" - t,P , (X" V,Il 

WHERE A,(X, . V,) AND A,(X,. V, I AMPLITUDES AT SAMPLE 

POINTS #1 AND # 2 

AND t,P,(X" V,) AND <P , (X , . V,I THE PHASES 

• USE HIGH GAIN AND ZERO CROSSING INFORMATION - A,A, = CONSTANT 

S, ., (X, VI = K COS [ 2.".1 A,(Z, ·Z,ll 

Figure 3.4. (a) Two Point Interferogram Construction 
Geometry and (b) Holographic Signal Processing 
of Weld Crown Data. 
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Figure 3.4b is the simplified block diagram of the sig

nal processing modification to the basic system described in 

Se~tion 2.0. The object and reference transducers (#1 and 

#2) interrogate two points on the weld surfaces. The return 

signals are multiplied and time averaged to produce the holo

graphic signal 

be constant in the analysis. In practice we use high gain 

amplification and clip the resulting signals or automatic gain 

control to eliminate amplitude variations. The zero-crossing 

information is used to extract the phase information between 

the two signals. The output signals can then be expressed in 

the following form 

(21) 

where Zl - Z2 is the vertical distance between the two points. 

The phase between the two sample points is read directly 

from the digital phase meter as shown in Figure 3.4b. 

Two-point interferograms were constructed using the 

nuclear safeguard assembly and four preselected Sandia trans

ducers (K-8, K-9, K-10 and K-ll). Twenty discrete measure

ments were obtained with transducers K-9, K-10 and K-11 using 

K-8 as the reference. The experimental data are shown in 

Figure 3.5 and illustrate the phase variations between mea

surements and transducers. The weld was simulated with a 

flat sample for evaluation of the safeguard weld assembly 

position accuracy. The assembly was repositioned over the 
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K·8. K·9 

I XII) 

1 89.5 
3 91.0 
5 91 .0 
7 86.5 
9 85.0 

11 91.0 
13 91 .0 
15 65.0 
17 90.0 
19 91 .0 

Figure 3.5. 

K·8. K·10 K·8. K·11 

X(I + 1) I XII) XII + 1) I X(I) X(I+11 

92.5 1 76.0 60.0 1 87.0 87.0 
90.0 3 86.0 65.0 3 90.0 90.0 
89.0 5 87.0 85.0 5 89.0 87.0 
89.5 7 88.0 84.0 7 87.0 90.0 
86.0 9 84.0 87.0 9 86.0 50.0 
91,0 11 70.0 67.0 11 86.0 78.0 
93.0 13 75.0 82.0 13 88 .0 90.0 
91.5 15 85.0 87.0 15 86.0 90.0 
86.0 17 86.0 86.0 17 90.0 82.0 
87.5 19 87.0 85.0 19 89.0 87.0 

Transducers Experimental Phase Data on Light 
Water Weld Crown Reactor Assemblies. 

sample and liquid couplant supplied fo r each measurement. 

Section 4.0 describes the statistical analysis used to define 

the 99.99% confidence interval (c.r.) for each data set. The 

99.99% C.l. for the safeguard assembly was approximately 3 

~meters illustrating the measurement resolution of the device. 
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4.0 STATISTICAL ANALYSIS OF THE TWO POINT INTERFEROGRAMS 

We shall assume in this analysis that the parent mea

surement populations are normal; otherwise the t distribution 

that we use will be only approximately valid. 

4.1 DISCUSSION OF THE CONFIDENCE INTERVAL 

In estimating a population mean ~ with a sample mean X, 

we generally have no information on the population standard 

deviation 0; hence, we use the estimated S, the sample devi

ation. Thus, the 99.99% confidence interval can be expressed 

as 

X Z5x10-5 
S (22) ~ = + -- III 

1 n 1 n 
where S2 

n-1 1: (Xi - x") 2 and X = 1: Xi· 
i=l n i=l 

Provided the sample is large (i.e., 25-50 measurements), this 

will be a reasonably accurate approximation. But with a 

smaller sample size, this expression with Z5x10-3 (normal 

variable) introduces an appreciable source error. If we wish 

to be 99.99% confident, the interval estimate must be broad

ened. 

By analogy, we introduce Student's "t" variable 

t x - 11 
s/Ill 

(23) 

The similarity between Z and t is immediately evident. 

The only difference is that Z involves 0, which is usually 

unknown; but t involves S, which can be calculated from the 

sample. 

As expected, the t distribution is more spread out than 

the normal (see Figure 4.1) since the use of S rather than 
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p(t) 

NORMAL. SAME AS t 
WITH d.f. = 00 

d.f. = 5 

~-4~~_3~~--_1L--OL--1L-~2~3~~4~~5~t 

to.025 = 1.96 
= ZO.025 

to.025 = 4.30 

Figure 4.1. The Standard Normal andt Distributions Compa red. 

a introduces a degree of uncertain t y. Moreover, while the re 

is one standard normal distribution, t here is a whole family 

of t distributions. With a small sample size, this distribu~ 

tion is considerably more spread out t han the normal; but as 

the sample size increases, the t distribution approaches the 

normal, and for samples of 50 or more, the normal becomes 

very accurate approximation. 

The t distribution is not tabled according to the sample 

size n, but according to the divisor in S2, which is called 

"degrees of freedom." 

The 99.99% confidence interval for the population mea

surement mean is given by the following expression 

(24 ) 

where t 5x10-5 is the critical t value leaving 0.005% of the 

probability in the upper tail, with n-1 degrees of freedom. 
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4.2 PRACTICAL RULES FOR USE OF THE "t" DISTRIBUTION 

The important practical question is: When do you use 

the t distribution and when do use the normal? If a is known, 

the normal distribution is appropriate; if a is unknown, then 

the t distribution is appropriate, regardless of sample size. 

However, if the sample size is large, the normal is an accur

ate enough approximation of the t. So in practice, the t 

distribution is used only for small samples where a is unknown. 

Figure 4.2 illustrates the weld crown statistical model 

where the population is assumed normal with population para

meters ~ and a2 . These parameters are constants, but gener

ally unknown. By contrast, the sample mean X and sample 

WELD CROWN STATICAL MODEL 

POPULATION OF ALL 
HOLOGRAPHIC 
PHASE MEASUREMENTS 

SUBSET OF "n" MEASUREMENTS 

• f.J = X 'f E (SAMPLING ERROR) 

n 
WHERE X = 1/n I X; 

i=1 

• CRUCIAL QUESTION IS: HOW WIDE MUST THE PHASE INTERVAL 

BE TO CAPTURE THE TRUE MEAN PHASE 95 OF A 100 MEASUREMENT? 

Figure 4.2. Weld Crown Statistical Model. 
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variance S2 are random variables, varying from sample to 

sample. A random variable such as X or S2 is calculated from 

the measurements in the sample (i.e., subset). 

We wish to estimate the average phase or deviation of 

all measurements with a nuclea r safeguard assembly using a 

reference flat weld. The population (i.e . , all measurements 

with the assembly) mean (~) is a fixed, but unknown para

meter. We estimate it by taking a sample of 20 discrete 

measurements. This is our best single estimate of ~, but as 

we know from sampling theory, that unl e ss we are extremely 

lucky this estimate X will be either a little high or a lit

tle low (see Figure 4.3). If we want to be reasonably con 

fident that our inference is correct, we cannot claim that ~ 

is precisely equal to our observed X; instead we must make a 

confidence interval (see Equation 4). 

DISTRIBUTION OF SAMPLE MEAN 
X - N{Jl. q2 In) 

THIS IS WHAT 
WE KNOW. 
BUT THE 
STATISTICIAN 
DOES NOT. 

X 

69 70 

69.5 
HIS FIRST INTERVAL .. • .. 

X ESTIMATE. 
68 .6 

HIS SECOND .. • -X .. • - HIS THIRD 
X THESE ARE THE 

STATISTICIAN'S .. • - AND SO ON: (SO FAR. INTERVAL 
X ALL BR~CKET p) ESTIMATES. 

· · · .. • - HISONEMISS 
X · 
.. • - HIS TWENTIETH 

X 

Figure 4.3. Construction of Twenty Interval Estimates: 
Typical Results. 
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Figure 4.3 illustrates the typical results for 95% con

fidence interval using 20 interval estimates with the true 

mean (~) unknown to the statistician. We observe that 19 of 

these 20 estimates bracket the constant~. We only miss 

bracketing ~ one time (i.e., 95% C.I.). 

In practice, we usually take one sample not 20 and once 

this interval estimate is made, it is either right or wrong; 

this interval brackets ~ or it does not. The important point 

to recognize is that we are using a method with a known pro

bability of success. 

4.3 STATISTICS USING TRANSDUCERS K-8 AND K-9 

The major objective of the experiments is to evaluate 

the measurement repeatability (i.e., confidence interval) 

with assembly using a holographic interferometric signal 

processing technique. 

Figure 4.4 is the 20 measurement sample and basic sta

tistics using transducers K-8 and K-9 in the nuclear safe

guard assembly with the simulated flat weld. Each measure

ment was obtained by removal and replacement of the flat weld 

into the assembly. This procedure simulates the typical 

safeguard inspection senario. 

Phase measurements are shown in Table 1 (Figure 4.4) and 

translated into deviation measurements. 

The mean phase (X) is calculated to be 85.4 degrees and 

the coefficient of variation 10.38%. The standard deviation 

(S) is 8.9 degrees). 

The 99.99% confidence interval is 70 0 to 95 0 (i.e., 

width of 15 0 ). Converting to vertical deviation, the in

terval is 12~m to 15~m (i.e., 3~m width). This means we will 

capture the true mean ~ 9,999 times out of 10,000. 
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TRANSDUCERS K-8;K-9 
FLAT SAMPLE 
2-PROBE DIFFERENTIAL PHASE 
SANDIA 
20 MEASUREMENTS 
STUDENT T DISTRIBUTION 

I X(I) X(I+1 ) 

1 87.0 87.0 
3 90.0 90.0 
5 89.0 87.0 
7 87.0 90.0 
9 86.0 50.0 

11 86.0 78.0 
13 88.0 90.0 
15 85.0 90.0 
17 90.0 82.0 
19 89.0 87.0 

BASIC STATISTICS 

N = 20 
STD ERROR OF THE MEAN = 1.98 
MEAN = 85.4000 
COEF OF VARIATION = 10.38% 
VARIANCE = 78.5684 
STANDARD DEVIATION = 8.8639 
SKEWNESS = -3 .4187 
KURTOSIS = 14.1501 

99.00% C.1. FOR MEAN: 
(79.7285, 91.0715) 
ONE-TAIL t (19.0.005) = 2.86137557851 

99.99% C.1. FOR MEAN: 76° TO 95° 
A¢ = 19° 
471 /lINCH TO 589 /lINCH 
Ad = 118/lINCHES 

Figure 4.4. Statistics Using Transducers K-8 and K-9. 

4.4 STATISTICS USING TRANSDUCERS K-8 AND K-10 

Figure 4.5 is the 20 phase measurement sample and basic 

statistics using transducers K-8 and K-10 with the same nu

clear safeguard assembly. Transducer K-8 is used as the 

reference with all three transducers. The measurement proce

dure is the same as described for the K-8, K-9 sample. 

The calculated mean is 81.6° and the coefficient of 

variation 9.9%. The standard deviation is 8.1°. 

The 99.99% confidence phase interval is 74° to 90° (i.e., 

width of 16°). The deviation interval is 11.7~m to 14.2~m 
(i.e., width of 2.5~m). 
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TRANSDUCERS K-8;K-1 0 
FLAT SAMPLE 
2-PROBE DIFFERENTIAL PHASE 
SANDIA 
20 MEASUREMENTS 
STUDENT T DISTRIBUTION 

I X(I) X(I + 1) 

1 76.0 60.0 
3 86.0 65.0 
5 87.0 85.0 
7 88.0 84.0 
9 84.0 87.0 

11 70.0 67.0 
13 75.0 82.0 
15 85.0 87.0 
17 86.0 86.0 
19 87.0 85.0 

BASIC STATISTICS 

N = 20 
STD ERROR OF THE MEAN = 1.81 
MEAN = 81.6000 
COEF OF VARIATION = 9.91% 
VARIANCE = 65.4105 
STANDARD DEVIATION = 8.0877 
SKEWNESS = -1 .5541 
KURTOSIS = 4 .1710 

99.00% C.1. FOR MEAN: 
(76.4252, 86.7748) 
ONE-TAIL t (19,0.005) = 2.86137557851 

99.99% C.1. FOR MEAN: 74° TO 90° 
11¢ = 16° 
459 j1INCH TO 558 j1INCH 
I1d = 99 j1INCHES 

Figure 4.5. Statistics Using Transducers K-8 and K-10. 

The confidence interval has remained essentially con

stant using a different transducer indicating the technique 

does not require elaborate transducer matching. 

4.5 STATISTICS USING TRANSDUCERS K-8 AND K-ll 

Figure 4.6 is the 20 phase measurement sample and basic 

statistics using transducers K-8 and K-11. The mean phase is 

88.4° and the coefficient of variation 6.73%. The standard 

deviation is 5.94°. 

The 99.99% confidence interval is 82° to 95° (Le. , 

width of 13°) . The deviation interval is 13]Jm to 15]Jm (Le. , 

width of 2]Jm) . The confidence interval again is approxi-

mately the same as with transducer K-8 and K-10. 
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TRANSDUCERS K-8;K-11 
FLAT SAMPLE 
2-PROBE DIFFERENTIAL PHASE 
SANDIA 
20 MEASUREMENTS 
STUDENT T DISTRIBUTION 

I X(I) X(I + 1) 

1 89.5 92.5 
3 91.0 90.0 
5 91.0 89.0 
7 86.5 89.5 
9 85.0 86.0 

11 91.0 91.0 
13 91.0 93.0 
15 65.0 91 .5 
17 90.0 86.0 
19 91.0 87.5 

BASIC STATISTICS 

N = 20 
STD ERROR OF THE MEAN = 1 .33 
MEAN = 88.3500 
COEF OF VARIATION = 6.73% 
VARIANCE = 35.3184 
STANDARD DEVIATION = 5.9429 
SKEWNESS = -3.2092 
KURTOSIS = 13.2640 

99.00% C.1. FOR MEAN: 
(84.5475,92.1525) 
ONE-TAIL t (19.0.005) = 2.86137557851 

99.99% C.1. FOR MEAN: 82° TO 95° 
Do¢ = 13° 
508 jJlNCH TO 589 jJ INCH 
Dod = 81 jJlNCHES 

Figure 4.6. Statistics Using Transducers K-8 and K-l1. 
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5.0 APPENDIX 

5.1 ELECTRICAL CHARACTERISTIC EVALUATION TECHNIQUE FOR UL

TRASONIC SEARCH UNITS 

This technique describes measurement procedures for 

evaluating ultrasonic search units used with ultrasonic sys

tems and provides means for obtaining performance data which 

describes the electrical responses of the search unit and 

associated coaxial cable as a separate component or subsystem 

of the ultrasonic inspection system. 

The procedures are designed to evaluate single element 

piezoelectric search units designed for immersion, contact 

straight or angle beam ultrasonic inspections, and are appli

cable to search units within the frequency range of 0.4 MHz 

to 30 MHz. 

The technique is not intended to define performance 

limits but to provide standardized procedures for making 

measurements from which limits may be established. 

The measurement data obtained may be employed to selec

tively specify, evaluate or provide performance criteria for 

procurement, quality assurance or service evaluation of op

erating characteristics of ultrasonic search units. 

Parameters to be measured: electrical characteristics 

of ultrasonic search units can be described from data ob

tained by measuring the following parameters: 

A. Acoustic Frequency Response (Frequency Spectrum) 

B. Bandwidth (Percentage) 

C. Relative Pulse Echo Sensitivity 

D. Time Domain Response 

E. Electrical Impedance. 

Acoustic Frequency Response is a measure of the pulse 

echo amplitude response of the search unit as a function of 
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frequency. This measurement provides performance data relat

ing to the intrinsic acoustic parameters of the unit. There 

are two procedures established for generating the acoustic 

frequency response; namely, sinusoidal burst and shock exci

tation. The frequency respons e is the pulse echo (or pulse 

reflection) response obtained f r om a specific target. 

Bandwidth (Percentage) is defined as the bandwidth of 

the pulse echo response from a target measured at a value of 

6 dB (50%) below the peak of the frequency response (fp). 

Bandwidth is expressed as a percentage and is calculated from 

the following formula: 

BW = fu - f~ x 100 
fc 

where fu and f~ are the upper and lower values selected at 6 

dB below fp and fc is the center of the upper and lower band 

width values. As the peak frequency may not be centered 

between f~ and fu, a value for the cen t er frequency, fc, is 

calculated. The formula for this calculation is: 

fc = f~ + fu 
2 

Relative Pulse Echo Sensitivity (Srel). Values for 

applied and received power, from which true insertion losses 

might be determined, are not ob t ainable with the technique 

described. Consequently, a relative measure is used to est

ablish a figure of merit or sensitivity of search units. 

Relative pulse echo sensitivity is obtained by measuring the 

applied voltage and the received echo voltage and calculating 

the value using the following formula: 

Ee 
Srel = -20 log Ea 
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where Ee = echo voltage and Ea = applied voltage. Section 

5.6 describes means for measuring relative pulse echo sensi

tivity. 

Time Domain Response. Time domain responses provide 

means for defining acoustic signal-to-noise and depth resolu

tion capability. The search units may be shock excited with 

square wave or single cycle sine wave or spike pulse. The 

time domain signals are recorded from specific targets which 

are chosen for the type of search unit being evaluated (e.g., 

immersion, contact, straight or angl e beam). 

Electrical Impedance. The magnitude of the electrical 

impedance of the search unit is obtained by using the sinu

soidal burst technique and measuring the applied voltage and 

the applied current and calculating the value using the for

mula: 

Ea 
Z = Ia 

where Ea is the applied voltage and Ia is the applied cur

rent. 

An alternate means for measuring the electrical imped

ance is with a vector impedance meter or impedance bridge. 

With these techniques, all measurements must be made in the 

frequency range of the search unit and under a condition 

where no standing acoustic waves are present. Standing waves 

in the test tank or test block can give erroneous results. 

The complex impedance obtained with the impedance meter pro

vides the magnitude and phase angle of the search unit imped

ance at specific operating frequencies. The value for magni

tude of electrical impedance is especially important in com

paring the electrical driving criteria of different search 

units and in establishing the minimum driving criteria of 
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different search units and in establishing the minimum driv

ing characteristics of pulsers used in conjunction with spe

cific search units. Different search units may have values 

as Z = 10 ohms, 50 ohms, 100 ohms, etc., depending on fre

quency, diameter and design and still be effectively used, 

provided the pulser is compatible with that load. 

NOTE: All impedance measurements must be performed with 

the search unit and coaxial cable of an appropriate length. 

5.2 ACOUSTIC FREQUENCY RESPONSE MEASUREMENT 

The acoustic frequency response is a measure of the 

pulse echo response from a given target as a function of 

frequency. This response is used as the basis for establish

ing other operating parameters of the search unit including 

bandwidth and sensitivity. Typical response curves are shown 

in Figure 5-1. The two curves are used to describe condi

tions in which a search unit has a response that is symmetri

cal about a center frequency, and a condition in which the 

peak response (fp) and the center frequency (fc) are not 

identical. Means for measurement of bandwidth are given in 

Section 5.3. The response may be recorded by camera from the 

oscilloscope picture or by hard copy digital recorder instru

ment. The importance is to obtain an accurate recording of 

the response curve from which a measure of performance may be 

established. 

Two means are described for obtaining the acoustic fre

quency response of ultrasonic search units as separate com

ponents of the ultrasonic system. They are: (a) sinusoidal 

burst, and (b) shock excitation. Within controlled limits 

the responses obtained by each procedure provide like re

sults, however, reproducibility is dependent on factors such 

as generator driving impedance, search unit impedance, pulse 
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Figure 5-1. Acoustic Frequency Response. 
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shape and measurement systems. Care should be exercised in 

selection of the measurement system and system components. 

Sinusoidal Burst Technique: The sinusoidal burst tech

nique is shown in Figure 5-2 and provides a simple but basic 

means for obtaining acoustic frequency response. The princ i 

ple is to apply a sinusoidal burst of a known voltage and 

frequency to the search unit and determine its response at 

that frequency. By varying the freque ncy across the operat

ing range of the search unit and recording the response at 

each frequency, a plot of the acoustic frequency response is 

obtained. The procedure may be performed manually by varying 

the frequency of the function generator or automatically by 

configuring the function generator to sweep through a preset 

range and recording the swept f r equency response. 

Figure 5-3 is a block diag r am for a system for automa

tically recording acoustic frequency response. The function 

generator (typically Tektronix, Wavetek , HP) is adjusted to 

produce sinusoidal bursts at the variou s frequencies antici

pated from the operating frequency of the search unit (e.g., 

1-5 for 2.5 MHz, 1-10 for 5 MHz, etc.). The pulse width 

generator is adjusted to provide a minimum of 10 cycles at 

the lowest measurement frequency. The sinusoidal burst is 

applied to the search unit and the pulse echo response from a 

given target is recorded for a specific frequency. The fre~ 

quency of the bursts is swept through the frequency range and 

the pulse echo voltage response is recorded at each fre

quency. The returning echo is intensified only in center 

one-half of the echo response to insure that the incoherent 

ends do not influence the measurements. Both the amplitude 

of the applied voltage and the amplitude of the echo response 

are plotted as a function of frequency. These plots are used 

to determine search unit sensitivity. 
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Shock Excitation Technique: The shock excitation tech

nique for obtaining acoustic frequency response follows the 

principle that a shock pulse applied to the search unit pro

duces a broad spectrum of energies to the unit and that the 

echo from a given target produces the frequency distribution 

that is characteristic of that search unit. Figure 5-4 de

scribes the test setup for employing the shock excitation 

procedure. The system consists of a shock excitation genera

tor (square wave, or spike pulse), preamplifier, echo gate 

that can be adjusted to capture the echo, search unit, oscil

loscope and a spectrum analyzer. The excitation pulse is 

applied to the search unit and an echo obtained from a spe

cific target. This echo is selectively gated to eliminate 

extraneous acoustic energies. The gated echo is fed to the 

oscilloscope and to the spectrum analyzer. The record from 

the spectrum analyzer describes the acoustic frequency re

sponse of the search unit. Both square wave and spike exci

tation pulses may be used. 

Square Wave Pulser: The square wave pulse from a low 

impedance generator provides a highly reproducible response. 

The procedure is to adjust the duration of the square wave to 

the half period of the center frequency of the search unit 

and use this pulse to excite the search unit. 

The feature of low impedance establishes a constant 

driving spectrum to the majority of search units covered 

under this recommended practice. As the impedance of search 

units used in industrial practice may range from a few ohms 

(e.g., 10) to several hundred ohms (e.g., 500), a low imped

ance generating source permits maximum transfer of power to 

the load (search unit). 

Spike Pulse Generator: Fast rise time shock excitation 

pulsers produce a broad spectrum of energies. It is common 
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practice to use a fast rise time (e.g., 5-10 nanosecond) 

pulse circuit with a variable "damping" circuit to control 

the recovery time of the pulse. Unfortunately, these types 

of pulsers may have both a variable spectrum and a variable 

output impedance, thus making it difficult to determine the 

actual power density of the spectrum applied to the search 

unit. The search unit impedance may influence the actual 

spectrum delivered by the pulse generator which in turn may 

produce a measurement error or discrepancy. 

Care must be exercised when employing either square wave 

or spikes to insure that the applied spectrum covers the 

operational bandwidth of the search unit. The variable 

length control of the square wave and the damping control of 

the spike pulse generators must be properly adjusted in order 

to achieve both reproducible and meaningful measurements. 

Low impedance source generators are recommended. 

The sinusoidal burst and shock excitation procedures are 

applicable to all types of search units. The procedures for 

evaluting the various styles are outlined below. 

1. Immersion. Figure 5-5 shows the test setup for 

obtaining acoustic frequency response for immersion units. 

a. Immersion Flat. Flat or nonfocused search 

units are adjusted so that the distance from the face of the 

search unit to the target (X o ) is approximately two inches 

(50 mm). A flat and smooth glass block of not smaller than 

three inches by three inches (75 mm x 75 mm) by one inch (25 

mm) thick can be used as the target. A manipulation should 

be used for alignment to obtain a maximum amplitude response 

from the target. The frequency response of flat search units 

is independent of distance. The two inch (50 mm) distance is 

chosen as a compromise to accommodate a variety of frequen

cies and sizes of search units. 

-42-



I 
~ 
W 
I 

TO TEST SYSTEM 

~ 

~ 

--"--'~-' 

~~~ 

~~~~ 

r---~~~-,:-
x-y -----"--'~,../ 

~ 

~~-.~~ 
MANIPULATOR .-

WATER~~ 
:r -"-" ~ 

~~~~- .. -~~ ..... 
..... 

r------~~~ '-'" 
~- .J I-

...1. 

~~~--- :-J 
::L 

-" 
~ ..... ~ 

I:"ioiL ...,-~ 

.:""~SEARCH ~ 

~'-"'~ 

~---~~ UNIT ..... ~--"--' -"-" 
----.-""-""-'"~~ 

~~~~ 
.......,........,.~---.-'-" ...,-

--~~------~~ 
-'~~~ 
..--~~·....,r- -~~X 

~-........."...~--------~ 0 
~~~~~-------
~~ ____ ....,r~ 

-"--"--'~ 

...J L 
GLASS BLOCK 

TARGET ...J 
...J L 
..L 

-.l L ,- l 

Figure 5-5. Test Setup for Establishing Acoustic Frequency 
Response for Immersion Search Units. 

-"-" 

-"-" 

~ 

~~ 

-"~ 

-"-" 

~-" 



b. Focused Search Units. Acoustic frequency re

sponse for focused search units follow the same procedure as 

described for flat search units except that the distance Xo 

is adjusted to the focal length of the search unit. This 

exception is made to provide consistency in measurement. 

2. Contact Straight and Angle Beam Search Units. Mea

surements for contact search units may be made with the unit 

coupled to the test part. Couplant shall be glycerin or 

similar (but specified) fluid. 

a. Straight Beam. Figure 5-6 shows the test setup 

for contact straight beam search units. A one and one-half 

inch (38 mm) flat rolled aluminum block is used for the fre

quency response measurements. The back surface of the block 

is used as the target and the echo response from this target 

is recorded. Thicker blocks may be used for lower frequency 

and/or larger diameter search units. 

TO 
~ 

T 
1. 5 INCH 

( 38mm) 

TEST SYSTEM .... CONTACT 

II.. 
SEARCH UNIT 

~COUPLANT 

~ L 

BACK SURFACE REFLECTION 

Figure 5-6. Contact Straight Beam Test. 

ALUMINUM 
TEST 

BLOCK 

b. Angle Beam Search Units. Figure 5-7 shows the 

test setup for determining acoustic frequency response for 
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Figure 5-7. Angle Beam Test. 

CORNER 
REFLECTION 

ALUMINUM 
TEST 

BLOCK 

angle beam search units. The peak echo response from a cor

ner reflection of a flat straight aluminum test block shall 

be used for this measurement. The sea r ch unit shall be ad

justed to obtain the maximum amplitude echo from the corner 

reflection and the frequency response shall be recorded. 

Suggested block thickness for various angles is listed in 

Table I. 

TABLE I 

45 0 Search Unit - 1.0 inch (25 mm) thick 

60 0 Search Unit - 0.75 inch (19 mm) thick 

70 0 Search Unit - 0.5 inch (13 mm) thick 

Thicker test blocks may be used for lower frequency, larger 

diameter search units. Specific block thickness should be 

recorded on the test sheet. 
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Alternate Means for Measuring Frequency Response of 

Angle Beam Search Units: Frequency response for angle beam 

search units with integral or attached plastic refraction 

blocks may be obtained using the identical procedures used 

for flat immersion search units. A fixture designed to hold 

the search unit is placed so that the sound beam can be man

ipulated to obtain maximum response from the target. The 

distance Xo is fixed at 2.0 inches (50 mm) for all angles of 

search units. The frequency response is identical to that 

obtained using the contact angle beam block. The amplitude 

of the response is somewhat higher (e.g., 4-6 dB), thus the 

written procedure used should clearly identify the approach 

used. 

Caution: The immersion procedure is not valid for 

straight beam contact search units which incorporate a hard 

wear face surface. This style of search unit is designed to 

couple into a solid material. 

Special Notice for Acoustic Frequency Response Measure

ment: When adjusted to optimum settings, the results from 

the sinusoidal burst and the two pulse excitation procedures 

will produce identical results. However, because of the 

multiple variables associated with electronic components and 

adjustments, some differences may result. It is important 

that the quality control records reflect the specific proce

dure and test configuration employed so that variations re

sulting from manufacture, use or aging can be correctly as

sessed. 

5.3 BANDWIDTH MEASUREMENTS 

Bandwidth is defined as the spectrum contained within 6 

dB of the peak response of the acoustic frequency response 

curve. Typical frequency curve is shown in Figure 5-8. The 

peak amplitude response is chosen as the reference mark even 
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Figure 5-8. Determination of Operational Bandwidth. 

though it may not be at the an t icipated frequency. This 

reference is identified as the frequency fp and all bandwidth 

measurements are related to this peak. 

Values for the lower (f~) and the upper ( f u) frequencies 

are determined as the frequencies at the 6 dB (50%) amplitude 

response above and below the peak frequency. I n the Figure 

5-8 example, BW is established a follows: 

fu = upper frequency (6 dB level) = 6.7 MHz 

f~ lower frequency (6 dB level) = 2.9 MHz 
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fc = 

BW 

5.4 RELATIVE 

Relative 

follows: 

Srel 

fJl, + fu 2.9 + 6.7 
2 + 2 = 

6.7 - 2.9 x 100 = 79% 4.8 

PULSE ECHO SENSITIVITY 

pulse echo sensitivity 

Ee 
= -20 log Ea 

4.8 MHz 

MEASUREMENT 

(Srel) is defined as 

where: Ee is the voltage response of the echo from the re

flector and Ea is the voltage applied to the search unit at 

the bandwidth center frequency (fc). 

Sinusoidal Burst Procedure. Figure 5-9 describes the 

procedure for establishing Srel from the test results ob

tained with the sinusoidal burst procedure. The value for 

Srel is established at fc. 

Ee 700 Mv 

Ea = 6.5 V 

In the example shown: 

Srel = -20 log 0.7 = -19.3 dB 6.5 

Shock Pulse Procedure. Figure 5-10 shows the waveforms 

for obtaining a value for Srel using the shock pulse proce

dure. The shock excitation generator, search unit, specific 

target and a sensitive oscilloscope (shown in Figure 5-4) are 

required for obtaining a value of Srel. The driving waveform 

response is measured and used for the value Ea. The ampli

tude value of the echo response is used for Ee. The calcula

tion for Srel follows the same formula as defined above. 

Note: No interposing preamplifier is to be used to amplify 

the echo signals. 
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Figure 5-9. Sinusoidal Burst Technique (1/2 of waveform 
displayed). 
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Figure 5-10. Shock Excitation Technique. 
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The range of values determined for relative pulse echo 

sensitivity can vary from -5 dB to -60 dB or more. The value 

is dependent on many variables such as search unit design, 

frequency and style. The Srel value is primarily used to 

establish an initial value for each search unit so that it 

may be monitored as a function of use and time and so that it 

may be compared to like units obtained from one or more ven

dors. 

The values for Srel from the sinusoidal burst procedure 

may differ from those obtained from the shock excitation 

procedure. In the shock excitation procedure, only the 

values of the applied pulse voltlage and the echo voltlage 

are available. As the frequency distributions of the applied 

waveform may fall outside the actual operational bandwidth of 

the search unit and as the echo response is measured without 

regard to frequency, the values obtained for certain types of 

search units (particularly broadband) will be dependent on 

the procedure chosen. 

5.5 TIME DOMAIN RESPONSE MEASUREMENTS 

The time domain response is the measurement of the 

acoustic signal-to-noise ratio and the range resolution capa

bility of a search unit. Figure 5-11 shows the experimental 

setup for this measurement. A shock excitation generator 

(square wave, spike or single cycle of a sine wave) is used 

to excite the search unit. The pulse is adjusted to 1/2A and 

the echo response from the appropriate target is recorded 

(e.g., flat glass plate for immersion back echo for straight 

beam or corner reflector for the angle beam units). The echo 

recorded shall provide an evaluation of signal-to-noise or 

time response to the 40 dB level. If required, an intermedi

ate preamplifier may be used to amplify the signal. 
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Figure 5-11. Recording of Time Domain Responses. 

Caution: All measurements must be made with the cable 

attached to the search unit as would occur in practice. 

5.6 ELECTRICAL IMPEDANCE MEASUREMENTS 

The magnitude of the electrical impedance of a search 

unit and the coaxial cable as a transmitter may be made by 

using the sinusoidal burst technique and measuring the volt

age and current applied to the search unit. The absolute 

value of electrical impedance may be obtained using a vector 

impedance bridge. 

Electrical Impedance (Sinusoidal Burst Technique). F ig

ures 5-2 and 5-3 describe the setup for measuring ultrasonic 

frequency response of a search unit. This same setup may be 

used for measuring the magnitude of the impedance of a search 

unit. The initial measurements provide values for applied 

voltage and bandwidth center frequency. By substituting a 

current probe for the voltage probe, a measurement of app l ied 

current as a function of frequency may be obtained. The 

value for the magnitude of the electrical impedance of the 

search unit is made at bandwidth frequency (fc). 

Z _ Ea 
- Ia 
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where Ea is applied voltage and Ia is applied current. 

Figure 5-12 shows typical results from which the imped

ance measurement is determined. 

lv/DIV 50 MA/DIV 

Figure 5-12. Typical Voltage and Current Recordings for 
Determining Impedance. 

Electrical Impedance (Vector Impedance Bridge). Please 

refer to the instruction manuals for commercial impedance 

bridge measurement instruments for procedures necessary for 

obtaining curves from which absolute values for complex im

pedance may be determined. 

All impedance measurements must be made under conditions 

which simulate operational conditions. Immersion units must 

be measured in water and straight beam contact units must be 

made with the search unit coupled to a test block. Angle 

beam units are designed to load into plastic; therefore, 

impedance measurements may be made in water or on the test 

block. 

Electrical Impedance (Shock Excitation). Results from 

measurements of the voltage and current of applied shock 

excitation pulses are not effective in determining electrical 

impedance and are not recommended. 
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5.7 EVALUATION EXAMPLES 

Figure 5-13 shows a typical 5.0 MHz transducer with 

simple parallel inductor tuning. 

Figure 5-14 is Sandia transducer No. K-10 without paral

lel inductor and Figure 5-15 is No. K-IO with parallel induc

tor. Note the change in bandwidth and electrical impedance. 
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Figure 5-13. Typical Waveforms for a PZT 5.0 MHz Immersion 
Search Unit with a Parallel Inductor. 
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Srel = -q7 dB 
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Figure 5-14. Search Unit K-10 without Parallel Inductor. 
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WITH PARALLEL INDUCTOR 

f = 14.4 
P 

f, @ -6 dB = 12.4 

f @ - 6d B = 16. 4 
u 

f = 14.4 c 
B. W. = 28% 

S I = -52 dB re 
Z = 187n 

Figure 5-15. Search Unit K-10 with Parallel Inductor. 
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