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ABSTRACT 

The effects of matching and backing on the performance of the 

piez'oelectric ceramic transducers used in delay line readout systems 

for spark chambers are considered. Analysis and probe design are 

presented for a nonresonant matching system intended for pulse-strain 

detection application. Particular emphasis is laid on determination of 

the input acoustical impedance of an exponential matching connector. The 

input acoustical impedance is calculated and plotted as a function of 

(a) the normalized frequency, (b) the specific 'acoustical impedances 

ratio between the backing material and the matching connector material, 

and (c) the ratio of the large end diameter-to-small end diameter of 

the connector. 

>:0: 

Work d.one under the auspices of the U. S. Atomic Energy Commission. 
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Introduction 

In wire spark chambers with delay line readout systems, the 

spark position is determined by the arrival time of a pulse generated 

by the spark at a suitably situated detector. From a number of proposed 

delay line methods
1

, 2), most systems use the magnetostrictive effect
3

-
5

); 

with this method a pulse of magnetic field produces a local mechanical 

stress in a ferromagnetic wire which propagates as an ultrasonic stress 

pulse along the delay-line wire toward a receiving transducer. The 

transducer is usually a magnetically bias ed coil in which output pulses 
I 

are produced by the change in magnetization of the wire element due to 

the strain wave at the place of the transducer 4). The magnetostrictive 

effect exploited at generation of ultrasonic stress pulse, and the inverse 

magnetostrictive effect used at the receiving transducer, strongly de-

pend upon density of the magnetic flux in the wire. Amplitude of the 

ultrasonic stress pulse at its generation decreases with rnagnetic satura-

tion of the delay line wire. At the receiving transducer, the output pulse 

has a maximum value for an optirnum amount of the magnetic bias. Out-

put pulse amplitude generally decreases with any change in the magnetic 

bias from its optimum. value. Influence of an ambient magnetic field can 

be reduced by orienting the delay line wire at right angles to the field 

direction, and by using a long delay line in an experimental arrangement 

where spark chambers need to be located in a magnetic field
6

). Since 

the receiving transducer is very sensitive to a high magnetic field, it 

is necessary for the transducer to be located in a fringing field no greater 

than 2 kG. Below this value, effective transducer magnetic shielding can 

be accomplished. A long delay line can be employed between the spark 

chamber and the shielded transducer. 
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A piezoelectric re·ceiving transducer, - which is es sentially un-. . 

affected by magnetic fields ,was tried btlt in an experimental set -up 
6

). 

It produced larger output signals than the n'lagnetically biased coil, but 

large acoustical impedance mismatching at two interfaces - - between the 

delay line and the transducer, and between the transducer and the ab-

sorbing backing--·produced reflections and broadened the output pulse. 

Generally. the acoustical impedance rnism.atching is larger at 

the interf,+ce of the delay line wire end and the transducer than at the 

interface of the transducer and the absorbing backing. Consequently, 

the acoustical impedance mismatching of the first interface has a Inajor 

infl:uence on reflections. This is because the diameter of con'lmercially 

available transducers is larger than the allowable diameter of the wire 

used as a delay line. The most common form of wave propagation used 

-in delay line wire for readout applications is the longitudinal mode. 

However, the fir st longitudinal mode of wave propagation in wire is 

slightly dispersive when the Vv'ire diameter is a small fraction of the 

wavelength. In practic?l applications the wire diameter should be 

apprOXimately 0.1 mm for equivalent operating frequency in the low 

megahertz range. Available thicknesses of cornrnercially manufactured 

piezoelectric transducers have dianleters of approximately 3 Inm. From 
w-

the standpoint of tecr..nical feasibility, the lower limit of the trans ducer 

minimum diameter is approximately 1..0 mm. Accordingly, in the best 

case, the acoustical impedance ratio between the delay line wire and the 

transducer at their interface is approximately 100, even when the wire 

material and the transducer material have equal specific acoustical 

impedances. Furtherrnore, the ultrasonic stres s pulse will be distI'ibuted 
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very non-unifonnly over the receiving transducer input surface when 

the delay line wire arid the receiving transducer are in direct contact 

over only a relatively sITlall area ·of the delay line wire; Both effects -

the abrupt change in acoustical iITlpedances at the interface of wire end 

and the transducer, and non-uniforITl distribution of stress pulse over 

the transducer surface--will have such very undesirable consequences 

as reflections of ultrasonic energy froITl the transducer input face, 

transducer resonances, and distortion of the output pulse. For these 

reasons, it is iITlportant to insert a connector with a gradually increasing 

cross...;sectional area between the delay line wire end and the receiving 

transduce:r input face. The ITlost advantageous connector so far eITlployed 

in physical acoustics is the exponential connector, the purpos e of which 

is to transforITl the transducer acoustical iITlpedance to the delay line 

wire acoustical iITlpedance. 

The purpose of this paper is to obtain useful applicable results 

for designing a readout receiving probe, when seITli-ITlatched conditions 

of acoustical iITlpedances are fulfilled. These results were derived 

froITl basic acoustical properties of the experiITlental and the cylindrical 

connectors. 

Input acoustical iITlpedance of ~J;1e . ex~oner;tial c.onne,ctor 

In designing the exponential connector for the previously ITlen

tioned application, we selected the connector paraITleters so that the 

connector transfers the ITlaxiITluITl aITlount of ultrasonic energy into a 

piezoelectric transducer over the desired frequency range with ITliniITluIn 

internal reflections, resonances, and distortions. Although a cOITlplete 

analysis of the ultrasonic stres s -wave ITlotion in a solid, finite -lengths 

exponential connector used in a receiving probe configuration is very 
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com.plicated, one can use an a.pproximate method of calculation and 

obtain fairly satisfactory results if the connector is many wavelengths 

long. For an exponential connector in the probe configuration shown in 

Fig. 1, the cross-sectional area at any point along its length is given 

by the expression 

A = A. exp (rn x) , (1) 
X 1 0 

7 
where A is the cross-sectional area (in metre~) at point x along the 

x 

connector axis, A. is the eros s -sectional area of the small end of the 
1 

connector (in this consideration, it is equal to the c-ross -sectional area 

of the wire us ed as a delay line), m is the flare constant in metre -1, 
o 

and x is the distance from the connector I s 8m.aller end in rnetre. 

flare constant Ino determines the rapidi:;vof the flare; the greater 

The 

m 
o 

is, the greater is the curvature of the connector. For an exponential 

connector of finite length, which is the case. in the present application, 

the modified approxilnate expres sion for the input acoustical impedance 

. 4 7) 
in kg/m sec according to Olson is 

A Z z. = pv 0 0 cos (bl + 8) + j pv sin bl (2) 
lA. iA Z sin bi + pv cos (bl - ti) -:").. 0 0 

where 
3 

p is the density of the connector rnaterial in kg/rn , v is the 

velocity of ultrasonic wave propagation in rn/sec, Z is the acoustical 
. 0 

impedance of the backing material in kg/m 
4 

sec, and I is the total 

connector length in metre. Other terms are defined by the following 

equations: . 

-1 / e = tan (m
o 

2b) 

b - 1 (4 2 - 2) 1/2 
-"2 ,p - mo 

p = 2rr/f-... , 

(3) 

(4) 

(5) 
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where A is the wavelength in metre. The flare constant is given by 

m = 4rrf / v, (6) 
o c 

where f 1S the connector cutoff frequency in hertz units. From further 
c 

considerations it will be seen that there is generally a sudden change in 

the input acoustical impedance of a finite -length connector in the fre-

quency region around the cutoff frequency. 

If the connector is coupled to a long circular backing rod of 

area A , made of a material with the specific acoustical impedance 
o 

Po v 0 (where Po is the rod's material density, and v 0 is the velocity 

of propagation of an ultras onic wave in rod), one can substitute the ex-

pres sion for a circular rod acoustical impedance 

Zo = povo/Ao (7) 

into equation (2) and rewrite equation (2) to express the acoustical 

impedance in a normalized form 

Z Ai = K cos (bl + e) + j sin bl 
i pv cos (bl - B) + jK sin bl 

(8) 

where the matching factor K is defined as a ratio between the specific 

acoustical impedance of the backing rod material and the connector 

material 

(9) 

From equation (8) can be seen that the normalized acoustical 

impedance of a finite exponential connector basically consists of a real 

part and an imaginary part 
A. 

Z .;;2-. 
i pv 

( A \ ( 
= Re Z. _1 ) + 1m \\Zl. 

\ 1 pv / 
.. , ' 

A. \ 
1 \ 

-i 
p'f / • 

The actual, amount of the' real and the imaginary parts 

(10) 

of the 

connector input acoustical impedance, or the acoustical resistance and 

the acoustical reactance, respectively, can be calculated from this equation 
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for a partiCular set of parameters. The connector input acoustical 

resistance and reactance as a function of the f:requel1;cy, the connector 

geometrical dimensions, and the specific acoustical impedance of the 

connector material and the backing rod material are very important in 

. determining the optimum connector dimensions and the readout receivimg 

probe configuration. From the standpoint of a ~inimum reflection at 

the interface of the end of the delay line. wire and the smaller end of 

the connec~or, and a transmis sion of ultras onic energy from the wire r s 

end of the piezoelectric transducer, the amount of the acoustical re-

. sistance needs to be maximized with respect to the acoustical reactance 

in a given frequency range of interest. . For this purpose, the input 

acoustical resistance and reactance expressions are derived from 

equation (8) as a function of the normalized frequency, the ratio DID. o 1 

of the diameters of the large end to the small end of the connector, and 

the specific acoustical impedance ratio K between the backing material 

and the matching connector material. 

Because the exponential connector shows (a) a larger ratio of 

the acoustical resistance to the acoustical reactance and (b) more 

uniform acoustical resistance characteristics over a frequency range 

for a ,finite dimension of con:n:ector than other types of connectors (e. g. :: 

parabolic, conical, or hyperbolic), only the exponenti?-l one will be con-

sidered. The properties of cylindrical types will be determined as a 

. special case of the exponential connector. 

.. 

~ . 

,-
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Acoustical r~s'istant:e 'arid r~adance ex ressions for solid ex onential 
~nd cx in rica connectors 

The readout receiving probe consists of a solid exponential con-

nector and various cylindrical components. Input acoustical resistance 

and reactance of exponential and cylindrical components can be derived 

directly from equation (2). For this purpose the terms bl and e in 

equation (2) have to be represented as a function of normalized frequency 

and the diameter ratio, D /D., of the connector. 
o 1 

Using equations (1), 

(3), (4), (5), and (6), we obtain 

and 

bi = [(f/f )2 - 1]1/2 log (D /D.) 
. CE:O 1 

-1 e = tan, 
1 

The following interesting cases can be directly derived with 

equations (2), (11), and (12). 

1. When f < f , or below the frequency corresponding to 
c 

bl = 0, the terms bl and e will be imaginary, and the following 

equations will be valid: 

and 

-1 r e = tan I.-j 
I 

1 

(f/f ) 2 - 1 

1/21 
? • 
j , c 

When the following equations 8) are employed 

and 

-1 j. ~ 
tan (-jy) = zlogE:1 + y 

log (-1) 
E: 

,'. 
=±jn(2K'+1), 

(11) 

(12) 

(13) 

(14) 

(15 ) 

(16 ) 
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where K':' 1S any integer--the term e can be expressed by the relation 

e ,'IT j /' ~l 
= ± T + 2" loge:. 1 + y I (17) 

where, 

y = fl 1 . L I (fl f ) 2 - 1 
" ,c, 

(18) 

Furthermore; ·bymeans of equations 

sin jx = j 'sin hx (19) 

and 
, I 

cos' (a+ jb)= cos acos hb 'ja sin hb, t2-1Y\.a. (20) 

the connector lnput acoustical resistance and reactance can be calculated. 

They are given by the expressions 

Re (z. /~ii) "K sin h
2

x 2- sin ~(x + ~ 109;, u) sin h(x - ~ log" u) (21) 

\ 1, pV K sin h x + sin h (ox - J loge: u) 

and 

= j sin hx ± sin h (x - i loge: u) ± K2 sin h{x + ilogEu) 

K2 sin h 2x + sin h2(x - i log u) 
E 

where x and u are given by the equations 

x= 

u= 

I [(f/f )2 - 1] ,112 
log (D ID.) 

ce:o 1 

~ 
1 + y . 

. (23) 

(24) 

2 Wh f f 4K2 2 . (8)" d . . en = ,or = m ,equatlon , 1S 1n eterm1nate. 
c 0 

(22) 

Making the derivation of numerator and denominator with respect to b, and 

setting b equal to 0 give an evaluated, expres sion for the input acoustical 

impedance: 

A. 
z. 1 = 

1 ,pv ' 

K(1 - log (D ID.] + j log (D ID.) 
, 0 l: e: 0 1 

1 + log (D jD.) + fKlog (D jD.) e: Ole: 0 1 

From equation (25) the normalized input acoustical resistance 

and reactance of the connector can be expressed by the relations 

.. 
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(26 ) 

! A.~ . Im{Z. _1 = j 
\ 1 pv 

. 2 ~ log (D /D.) (1. + log (D /D. - K log (D /D.) 1. - log (DjD. 
E: 0 1 t. E: OlE: OlE: 1 

'222 
[1 + log (D /D. il + K [log (D /D.)] 
. E: 0 1 E: 0 I 

respectively. 
(27) 

3. When f > f , the normalized connector input acoustical re
c 

sistance and reactance can be directly calculated from equation (8). Such 

calculation gives 

Re(z. Ai) , 1 pv 
= K cos (bl + 8) cos (bl - 8) + sin

2 
bl 

,cos
2

(bl - 8) + K
2
sin

2
bl 

( 
A.\ cos (bl - 8) - K2 cos (bl + 8) 

1m Z .. -2) = j sin bl 
I pv cos 2 (bl _ 8) + X 2 sin 2 bl 

where bl and 8 are given by equations (1.1.) and (1.2). 

(28) 

(29) 

4. For D /D. = .1., the exponential connector becomes the finite 
o I 

cylindrical connector. The flare constant m equals. 0; consequently 
. 0 

2 21/2 -1. / b equals (4p - mo) /2 equals p, and 8 equals tan mo 2b equals O. 

Using expressions (5) and I = v/f , we find that the term pI = 2 nf/f . c c 

The normalized input acoustical resistance and reactance of cylind:dcal 

connector directly given from equation (8) are 

Re (z. Ai) = 
I pv 

K 
2 . 2 2 

K SIn w + cos w 

( 
Ai) (1. - K

2
)sin w cos w 1m Z. - = j ~-:::-'-:"":~~~----:"...---

1 pv· K2. 2 2 
SIn w + cos w 

where w equals 2 nf/f . 
c 

(30) 

(31 ) 
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By means of a digital computer, the exponential and the cylindrical 

connector input acoustical resistance and reactance as. a function of the 

normalized frequency with the connector diameter ratio, D /D., and the 
o 1 

matching factor, ~,as parameters are calculated and plotted as shown 
. I 

in Figs. 2 - 26. 

The normalized input acoustical resistance and reactance characteris-

tics of the cylindrical connector as a function of the normalized frequency 

andother significant parameters are given in Figs. 2, 3, 9, 16, 20; and 21.. 

These figures show that the variations in the input acoustical resistance and 

reactance as a function of normalized frequency are quite large in amplitude, 

even for a relatively smallvalue· of the acoustical impedance mismatch be-

tween the connector material and the backing material. For a perfect 

matching l when the matching factor K = p v I pv = 1, from equations (30) 
o 0 

and (31)], it directly fol1o~s that the Re (Z. AI pv) equals 1, and 
1 1 

Im(Z. A/pv) equals O. For:a matching factor of 0.8 or 1..2, the amplitude 
1 1 

variations in acoustical resistance will be approximately ±20,%.of the 

normalized resistance value·of 1. 'If the matching factor is O.S or 2.0, 

it can be seen from Figs. 2, 3, 20, and 21 that the acoustical resistance 

amplitude variation will be approximately +100% and -SO% of the normalized 

resistance value. The acoustical reactance will vary around zero for 

approximately ±7S0/0 of the normalized resistance value . 

. FO.r:the exponential connector and with perfect matching, the 

acoustical resistance and reactance change .suddenly in the frequency 

region around the normalized frequency point f/f = 1.. An actual value c 

of the acoustical resistance in the region below flfc = 1 depends strongly 

upon the connector diameter ratio, DID.. For a small DID., the connector o 1 0 1 
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input acoustical resistance will have an appreciable value below the 

normalized frequency flf = 1, which means that the connector will 
c 

transmit ultrasonic energy below this frequency. However, v:.iith increasing 

D o/Di' the acoustical resistance in this frequency region will be ve~ry small, 

and will prevent an efficient transmis sion of energy through the connector, 

as can' be concluded by a comparison of the resistance characteristics given 

in Figs. 13, 14, and 1.5. In contrast, the acoustical reactance magnitude 

increases with increasing DID. in the same frequency region. For the 
01. 

most practical application, DID. is equal to or lar ger than 10, when the 
,01 , 

acoustical resistance below the point fife = 1 has ,a small value. About the 

region of the cutoff frequency, the normalized acoustical resistance approaches 

unity. In contrast, the acoustical reactance approaches zero in both di-

rections from the point flfc = 1. 

When the matching factor is equal to 0.5, 0.8, 1.2, and 2.0, the 

acoustical resistance and reactance characteristics will generally have 

the same basic behaviour as in t~e cases just described for the region 

around the point flf = 1., except that the first amplitude characteristics 
c 

will be shifted along the flfaxis , as one can conclude from Figs. 4 - 8, 
c 

10 -12, 17 - 19, and 22 - 26. Furthermore, the common property of the 

acoustical 'resistance characteristics is that they will never asymptotically 

approach the normalized unity value when flfc increases, as it did in the 

previous considerations for K = 1.0. In addition, the acoustical reactance 

characteristics will never approach zero as flf increases. Both characteris
c 

tics have amplitude variations of a constant magnitude for large f/f ratios 
c 

on the right side of the point f/f
c 

= 1.. The magnitude of amplitude variations 

depends upon the matching factor value; as any change in this factor from 
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'K = 1.0 increases the magnitude of amplitude variations. This effect 

can be easily seen by comparing Figs. ,11 and 18 with Figs. 5, 6, 23, 

and 24. Meanwhile, the separation between the successive mcixilua of 

~mplitude variation,s is increased as D jD. increases. 
. 0 .1 

~.eadout-probe desi~n co?sideration.~ 

The connector's acoustical characteristics can now be used for 

determination of its optimum length, the rea.dout -probe configuration, 

and the acoustical impedances of various probe elements. The main 

readout probe characteristics desired are a wi.de bandwidth and a low 

transmission loss which gives good sensitivity. A basic delay line rea.d-

out probe configuration is shown in Fig. 1. A delay line wire of a specific 

acoustical impedance ZD is soldered on the exponential connector's 

small end. The connector is made of a material with a specific impedance 

ZE' A piezoelectric ceramic transducer, of a specific impedance ZT' 

is joined to the larger end of the exponential connector and to the ab-' 

sorbing backing rod by means of indium solder or silver epoxy adhesive 

bonds of specific impedances ZB2 and ZB3' respectively. The ab

sorbing backing rod increases the' readout probe bandwidth and absorbs 

the energy transmitted into the backing materia~ to prevent false echoes. 

The mutual dependence between the connector's total length, 1, 

the connector's cutoff frequency, f , and the connector's diameter ratio, 
c 

D jD., can easily be found by considering relations (1) and (6). If the 
o 1 • 

area of the connector's larger end A and smaller end A. are expressed 
o 1 

by means of diameters D and D., 'on the basis of equations (1) and (6) an 
, 0 1 

exponential connector length times cutoff frequency characteristic in metre· Hz 

can be expressed by the equation 
D 

1£ = -~ log 0 
c 2n ~'If 

(32) 
1 
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where v 1S the velocity of ultrasonic wave propagation in the connector 

lTIaterial. 

Graphical representation of this equation is shown in Fig. 27. By 

lTIeans of equation (32) the product of the connector length and cutoff fre-

quency can be calculated, using the velocity of wave propagation in the 

connector lTIaterial, the delay line wire dialneter D., and the piezoelectric 
1 

transducer"paralTIeter D. o 
For lTIaxilTIurn acoustical energy translTIission 

through the connector, the connector cutoff frequency lTIust be placed be-

low the low-frequency lilTIit of the frequency range. 

Because the lTIatching factor has an appreciable effect on the con-

nector acoustical characteristics and consequently on the translTIission of 

ultrasonic energy through the connector, the specific acoustical impedances 

of the delay line wire lTIaterial, the connector lTIaterial, the transducer 

lTIaterial, and the backing rod material need to have identical values. In 

practice, it is very difficult to achieve matching factors > 0.8 and < 1.2 

between the various readout probe cOlTIponents. 

Between the end of the delay line wire and the slTIaller end of the 

connector, an adhesive bond with specific impedance ZB1 is unavoidable. 

The adhesive bonds of a finite length are also present between the connector IS 

larger end and the transducer as well as between the transducer and the 

absorbing backing rod. These bonds will introduce SOlTIe losses and re-

flections. The bonds I thickness must be minimized to reduce these un-

desirable effects. 

On the basis of these considerations, a piezoelectric readout probe 

assembly for a spark chalTIber was designed. This asselTIbly, shown in 

Fig. 28, consists of the cOlTIponents listed below with their impedances. 



Component 

Vacoflux delay 
line wire 

Stainle s s ste el 
exponential connector 

Piezoelectric ceramic 
transducer PZT-SA 

Abs orbing backing 
lead rod 
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Approximate .material 
specific acoustical 

impedance 
__ (kgfm.2 sec) 

- 47X10 6 

With a chosen connector cutoff frequency of 100 kHz, the required con-

. - 3 
nector lengthls 25.4X10 m. The connector flare constant of 

2 -1 . 
m = 2.52X10 m was calculated from equation (6) using the propagation 

o 

velocity of a strain wave v == 4990 m/ sec for nonmagnetic stainles s steel. 

The vacoflux delay line wire was soldered on the connector I s small end. 

The piezoelectric ceramic transducer was joined to the connector I s larger 
. 

end and to the absorbing backing rod by rneans of indium solder. Equally 

good results were achieved by using bubble-free layers of silver epoxy 

(E-solder No. 302 produced by Epoxy Products, Irvington, New Jersey) 

on both sides. The grounded side of the transducer is the one which is 

joined to the connector I s larger end, and the other electrical connection 

is made by means of the backing lead rod. The complete probe as sembly 

is shielded with a copper cylinder, at the end of which a miniature electrical 

connector is attached. 

When an ultrasonic stress wave traverses the piezoelectric trans - . 

ducer, a potential difference is created by charge displacement between 

the opposite faces of the transducer. Figure 29 shows a typical output 
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signal and residual effects obtained from the readout probe assembly 

shown in Fig. 28. The horizontal scale is 0.5 f.1sec/division; the vertical 

scale is 100 mY/division. The output signal was obtained as'a response to 

a confined magnetic field pulse introduced on the delay line approximately 

15 cm from the transducer. The magnetic field pulse was produced by 

the pas sage of a 1. 5A current puIs e 0.2 fJ.sec wide through a, 20 -turn coil. 

The probe output pulse is also followed by some rings. These 

rings are as s ociated with lateral modes in the probe as sembly, and with 

the residual reflections due to the matching factor K i 1, between the 

delay line wire, the transducer, and the absorbing backing rod. The 

magnitude of these rings was inversely proporti-onal to the transducer 

radius and grew more pronounced with an increase in transducer radius 

and with the application of an ultrasonic stres s pulse. With the air backing, 

as well as the various low impedance backings (such as plastic sand ep(?xy 

with Z ~ 3X10
6 

kg/m
2
sec), the main output pulse was followed with several 

m 

rings of approximately the same magnitude as the main pulse, due to the 

large acoustical impedance mismatch between the t,r2.nsducerand backing 

medium. 

We tried using a higher impedance absorbing backing with centri-

fuged mixture of epoxy resin and 2fJ. or les s particle size tungsten powder; 

with this mixture had an impedance of the order of 10X10
6 

kg/m
2
sec and 

the response was improved with respect to the amplitude of the rings;. 

The shortest output pulse with a minimum reflection has been obtained 

with higher impedance backings such as pure zinc (Z ~ 27 X 10
6 

kg/m
2
sec) . m 

6 2 
and pure lead (Z ~ 28 X10 kg/m sec). The lead backing was apparently 

m 

slightly better than zinc with respect to reflections from the end of the rod 

attached to the electrical connector; this is due to the better absorption 

properties of lead. 
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Conclusions 

. The effects of m.atching and backing On the perform.ance of the 

piezoelectric ceram.ic transducers used in delay line readout system.s 

for spark cham.bers are considered. Expressions have been derived 

for the input acoustical resistance and reactance of fhe cylindrical and 

the exponential connector of a readout probe configuration as a function 

of the norm.alized frequency, the connector m.atching factor, and the 

ratio of the diam.eters of the larger end to sm.aller end of the connector. 

From. these expressions, as well as from. the other results of the analysis, 

several form.ulas are obtained for design of a non-resonant readout probe 

as sem.bly intended for puis e strain detection when the sem.im.atched con

ditions between the various readout probe com.ponents are fulfilled . 
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Fig. 1 Basic delay line readout probe configuration. See text for 

explanation of A. and A . 
1 X 

Fig. 2. Cylindrical connector acoustical resistance characteristic 

with K = 0.5 and DID. = 1..0 as parameters. o 1 

Fig. 3. Cylindrical connector acoustical reactance characteristic with 

K = 0.5 and DID. = 1.0 as parameters. o 1 

Fig. 4 .. Exponential connector acoustica.l impedance characteristics 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

with K = 0.5 and DID. = 2 as parameters. o 1 

Exponential connector acoustical resistance 

with K = 0.5 and DID. = o 1 
10 a.s parameters. 

Exponential connector acousticai reactance 

with K = 0.5 and DID. = o 1· 
10 as parameters. 

Exponential connector acoustical resistance 

with K = 0.5 and DID. = 100 as parameters. o 1 

Exponential connector acoustical reactance 

with K = 0.5 and DID. = 100 as parameters. o 1 

characteristic 

characteristic 

characteristic 

characteristic 

Fig. 9. Cylindrical connector acoustical impedance characteristics 

with K = 0.8 and DID.' = 1.0 as parameters. 
. 0 1 . 

Fig .. 10. ,Exponential connector acoustical impedance characteristics 

with K = 0.8 and DID. = 2 as parameters. 
.01 

Fig .. 11. Exponential conne~tor acoustical impedance characteristics 

with K = 0.8 and DID. = 10 as parameters. o 1 

Fig. 12. Exponential connector acoustical impedance characteristics 

withK =- 0.8 and DolDi = 100 as parameters. 

Fig .. 13. Exponential connector acoustical impedance characteristics 

with K = 1.0 and DID. = 2 as parameters. o 1 

Fig. 14 .. Exponential connector acoustical impedance characteristics 

with K = 1.0 and DoiDt. = 10 as parameters. 

.. 
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Fig. 15. Exponential connector acoustical impedance characteristics 

with K = 1.0 and DID. = 100 as parameters. 
01 

Fig. 16. Cylindrical connector acoustical impedance characteristics 

with K = 1.2 and DiD. = 1.0 as parameters. o 1 

Fig .. 17. Exponential connector acoustical impedance characteristics 
., " 

with K = 1.2 and DID. = 2.0 as parameters. 
o 1 ~.' 

Fig .. 18. Exponential connector acoustical impedance characteristics 

with K = 1.2 and DID. = 10 as parameters. 
o 1 

Fig. 19. Exponential connector acoustical impedance characteristics 

with K = 1.2 and DID. = 100 as parameters. o 1 

Fig. 20. Cylindrical connector acoustical resistance characteristic 

with K = 2.0 and DID. = 1.0 as parameters. 
. 0 1 

Fig. 21. Cylindrical connector acoustical reactance characteristic 

with K = .2.0 and DID. = 1.0 as parameters. o 1 

Fig. 22. Exponential connector acoustical impedance characteristics 

with K = 2.0 and DID. = 2.0 as parameters. o 1 

Fig. 23. Exponential connector acoustical resistance characteristic 

with K = 2.0 and DID. = 10 as parameters. o 1 

Fig. 24. Exponential connector acoustical reactance characteristic 

with K = 2.0 and DID. = 10 as parameters. o 1 

Fig. 25. Exponential connector acoustical resistance characteristic 

with K = 2.0 and DID. = 100 as parameters. o 1 

Fig. 26. Exponential connector acoustical reactance characteristic 

with K = 2.0 and DID. = 100 as parameters. o 1 

Fig. 27. Exponential connector length X cutoff frequency character~stics 

relating to the ratio of the diameter of the lar ger end of the 

connector to the dia<rneter of the smaller end of the connector. 



Fig. 28. 

Fig. 29. 
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Diagram of the readout probe assembly for a spark chamber. 

Typical readout probe output signal obtained with a 3-mm 

diameter transducer; the horizontal scale is 0.5 f.Lsec/ division. 

The vertical scale is 100 m V / di~ision. 
' .. 



-21-

ADHESIVE BOND 

DELAY MEDIUM X-...... :r-_ 
ACOUSTICAL IMPEDANCE lD 

EXPONENTIAL CONNECTOR 
ACOUSTICAL IMPEDANCE Z, 

FIG 1 

ADHESIVE BONOS 

-(----
I 

I 

..I 

ACOUSTICAL 
IMPEDANCE Zf 

UCRL'~1.7434 

XBL 674-1339 



-22-

2 

ACTUAL FREQ\JENCY f 

CUTOFF FREQUENCY f, 

FIG. 2 

5 

UCRL-17434 

10 20 50 

XBL 674-1340 



2.4 

2.0 

1.6 .... 
.(1;' 

N 1.2 
E 
w 
u 

0.8 z 
co: ..... 
u 
co: w 

0.4 0: 

-' co: 
u 

.i= 
0.0 en 

::> 
0 
u 
co: 

-0.4 

-0.8 

-1.2 

-1.6 
0.1 

K II: 0.5 

Do/Oj = 1.0 

,0.2 

-23-

ACTUAL FREQUENCY.!.. _ 

CUTOFF FREQUENCY Ie 

FIG. 3 

UCRL-17434 

5 10 20 50 

XBL 674-1341 



2.4 

2.0 

-

t 1.6 

-I> cI,. 
,:.; 
w 
u z 
~ 
0 
UJ 
<l. 
;§ 
-' 
~ 
u 
r= 
'" ::> 
0 
u 
~ 

1.2 

0.8 f---

0.4 

0.0 ~-

-
-0.4 

-0.8 
0.1 

K = 0.5 

0./0,= 2 

0.2 

it 
l' \ 

1m (Zi*-) 1// \ " / 

/ / \ j 
:----:::: l/ / 

--- / -

\! 
V 

0.5 1.0 2 5 

ACTUAL FREQUENCY f 
-----''-----
CUTOFF FREQUENCY f. 

FIGA 

UCRL-17434 

\ 
I 
I I 

I "II 

\ 1"1 
I I 

~ I I 

'v \J I 

I I I 

I I 
! I 

I 
, I 

V V 
i I j 

L 

10 20 50 

XBL 674-1342 



2.4 

2.0 

,.. 
<1; 1.6 
N 
Q;' 
n:: 
.... 
u z 
;: 
(/) 

Vi 
w 
<>: 
..J ex: 
u 
j:: 
(/) 
:::> 
0 
u ex: 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
0.1 0.2 

K =0.5 
0./0,=10 

0.5 

- 2.5-

\ II V V 

) '--

1,0 2 

ACTUAL FREQUfNCY f 
CUTOFF FREQUENCY Ie -I. 

FIG,S 

UCRL-17434 

I 
I , 

i 
. I 

I' 

" I 
: 

I . , 
I ! :1 I 

I I 

I 

V V' I~il 

5 10 20 50 

XBL 674-1343 



2.4 

2.0 

0./0;=10 

<1~ l.6 
N 

E 
UJ l.2 u z ..: 
I-
U ..: 
UJ 

0.8 a:: 
-' ..: 
u 
i= 
'" => 0.4 0 
u ..: 

0.0 

-0.4 

-0.8 
0.1 0.2 

-26-

0.5 1.0 2 

AC'rUAL fREQUENCY I -_-. ___ 0 __ .-

CUTOFF FREQUENCY Ie 

FIG.6 

5 10 

I 
, I 

II 
. I 

20 

UCRL-17434 

50 

XBL 674-1344 



2.4 

2.0 

.... 
Ccl~ 1.6 

N --OJ 
c::: 
UJ 1.2 u z 
;:': 
CIl 
v; 
UJ 0.8 D:: 
..J 
..: 
u 
i= 
CIl 
:J 0.4 0 
u 
< 

0.0 

-0.4 

-0.8 
0.1 

0./0;=100 

0.2 0.5 1.0 

-27-

2 

ACTUAL FREQUENCY I 
CUTOFF FREQUENCY Ie -

FIG. 7 

UCRL-17434 

5 10 20 50 

XBL 674-1345 



2.4 

2.0 

..... 
<l~ 1.6 

,..., 
E 
UI 1.2 <..> z 
:: 
<..> 
c( 
UJ 

0.8 c:: 
-i 
c( 
<..> 
i= 
(J) 

::l 0.4 0 
<..> 
c( 

0.0 

-0.4 

-0.8 
0.1 

Dc/DI= 100 

0.2 0.5 1.0 

-28-

2 

ACTUAL FREQUENCY f 
CUTOFF FREQUENCY ~~ 

FIG. 0 

UCRL-17434 

5 10 20 

XBL 674-1346 

I 



2.4 

2.0 

1.6 

<1;' 1.2 

N 

w 
u 0.8 z 
« 
Q 
w 
"-
~ 0.4 
...J « 
u 
i= 

0.0 VI 
::> 
0 
u 
« 

-0.4 

-0.8 

-1.2 

-1.6 
0.1 

K =0,1 

0.10;=1.0 

Re(Z;~) 

0.2 

-29-

2 

ACTUAL FREQUENCY f 

CUTOFF FREQUENCY f, 

FIG.9 

UCRL-17434 

5 10 20 50 

XBL 674-1347 



t .* .. 
N 

UJ 
u 
Z 
<C 
0 
UJ c.. 
~ 
..J 
<C 
U 
i= 
c/) 
:;:) 

0 
u 
<C 

2.4 

2.0 
-' 

1.6 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
0.1 

K =0.8 
00 /0,= 2 

---

0.2 0.5 

-30- UCRL-17434 

ne(21 ;t) 

-- (\1 1\ 1\ 1\ A A 

>-j \ /\ 1/\7t ,1\ 
\I 

~ ;'\ 
V 

I 
~ 

~ 
~/ \ 1\ / ~ f\ I ~ ~ ~ ~ 

1.0 

\.../ 

im(Z'*) 

~ 

2 

ACTUAL FREQUENCY f _ 

CUTOFF FREQU~NCY fc 

FIG.l0 

5 

V V V V V V 

I 
10 . 20 50 

XBL 674-1348 



2.4 

2.0 

i 1.6 

cll 
N 

... 1.2 
u z 
< 
0 ... a. 
;!§ 0.8 
-' < u 
i= 
VI 
::> 0.4 0 
u 
< 

0.0 

-0.4 

-0.8 
0.1 

K .: O.B 
0010;: 10 

0.2 

-31-

ACTUAL FREQUENCY f 
~:.-:'-'-~~"=~-
CUTOFF FREQUENCY fc 

FIG. 11 

UCRL-17434 

XBL 674-1349 



0;5 

-32-

ACl":":U:.:.A:;:.L:-:FR....:E,:,,Qc=:U::.:,EN....:C:..;.V !.. _ 
CUTOFFFREQUENCV 't 

FIG. 12 

UCRL-17434 

XBL 674-1350 



2.4 

2.0 

_. t 1.6 

cit 
,;; 
UJ 1.2 
u z 
C5 
UJ 
0.. 
~ 0.8 .... 
5 
>= 
'" g 0.4 
u 
< 

0.0 

-0.4 
I-

-0.8 
0.1 

K = 1.0 

0./0.= 2 

- ~. 

0.2 0.5 

-33- UCRL-17434 

Re(ZI~) 

/">. 

7\ U\ lAA V\Jvvvvv 

h 1\ 
~ \ /\ V\/\ ~/\A/\/\/'. 

1m (Z;*) 

1.0 2 5 10 20 50 

ACTUAL FREQUENCY , --CUTOfF FREQUENCY 'c 
FIG.13 

XBL 674-1351 



2A 

2.0 

1.6 

cll 
N 

'" u z 
< c 
'" c.. 
a'l .... 
< u 
~ 
V> 
::> 
0 
u 
< 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
0.1 

K = 1,0 
D./Di= 10 

-------
v 

< 

0.2 0.5 

-34- UCRL~17434 

< 

. Re(Zi~) 

r A " 

/ I \ /\ W\J\ - IAAA. 
V IV' 

\ 
V . \ J' V/\ / J 

I) ,I \/;\/ \!\f\A ~r\f\f\f\fi" , lAo, 

1.0 

1m (Zl*) 

2 

ACTUAL FREQUENCV f _ ' 

CUTOFF FREQUENCY 'e 
FIG.14 

5 10 20 50 

XBL 674-1352 



ell 
N 
.... 
u z « c .... 
"-
~ 
...J « 
U 
;::: 
en 
=> 
0 
u « 

2.4 

2.0 

1.6 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
0.1 

K = 1.0 
00 /0;= 100 

~ 
V 

0.2 0.5 

-35-

., 

Re(Z;~) 

~ 

II / 
J l ~ 

\ V V 

f r 

l/ 
]J\I V \/ \/ 

1.0 

( A 1m Zi-rv-

2 

ACTUAL FREQUENCY f 

CUTOFF FREQUENCY fe 

FIG.1S 

UCRL-17434 

, . . -- ~ --" 

I 

IW!W~ ~ 
I' 

~~MNv 1/ I,MMNIHllu, , ....... 

5 10 20 50 

XBL 674-1353 



2.4 

2.0 

1.6 

C-; 1.2 

N 

w 
u 0.8 z 
< 
0 
w 
c.. 
~ 0.4 
-' < u 
~ 

0.0 II> 
~ 
0 
u 
< 

-0.4 

-0.8 

-1.2 

-1.6 
0.1 0.2 0.5 1.0 

-36-

2 

ACTUAL FREQUENCY f 

CUTOFF FREQUENCY Ie 

FIG.16 

UCRL-17434 

10 20 50 

XBL 674-1354 



~ 

cIt 
N 
... 
(.) 
z 
...: c ... 
n. 
~ 
..J 
...: 
(.) 

i= 
VI 
:> 
0 
(.) 
...: 

2.4 

2.0 

1.6 

1.2 

0.8 

0.4 

0.0 

-0.4 

-0.8 
0.1 

K =1.2 
0./0;= 2.0 

0.2 0.5 

-37- UCRL-17434 

.' 

R.(Z.~) 

/\ j\ 1\ j\ ~/\j\ rm: 
./ V\ 

~ 
~ \ 1\ 1\/\ ~~~A~A~ 

../ \ il V V VVVVV~ 
1m (z.*) 

1.0 2 5 10 20 50 

ACTUAL FREQUENCY t 
CUTOFFFREQUENCY to 

FIG.17 

XBL 674-1355 



-38- UCRL-17434 

2.4 

2.0 
DolO; = 10 

1.6 

crlt 
N .., 1.2 
u z « 
Cl .., 
n. 
~ 0.8 
-' « u 
i= 
(/) 

::> 0.4 0 
u « 

0.0 

-0.4 

-0.8 
0.1 0.2 0.5 5 50 

ACTUAL FREQUENCY t --CUTOFF FREQUENCY tc 

FIG.1S 

XBL 674-1356 

\ 

,/ 
I 

--------



:j , 
! 

! 

2.4 

2.0 

1.6 

-I> .ct ... 

N 

IIJ 1.2 
u z 
< 
0 
IIJ 
Co 

~ 0.8 
...J 
< u 
t= 
'" ::;) 0.4 0 
u 
< 

0.0 

-0.4 

-0.8 
0.1 

0o'Oj= 100 

0.2 0.5 .0 

-39-

2 

ACTUAL FREQUENCY t 
CUTOFF FREQUENCY te 

FIG.19 

UCRL-17434 

5 10 20 50 

XBL 674-1357 



-40- UCRL-17434 

2.4r-----~----~--_.--------_r~-----~--------~-----~------~------~~ 

1.6 .-
Cc1~ 
N-

1.2 .,. 
e:: ... 
u z 
C( 
l-
V) 

in ... 
c: 
..... 
C( 
u 
;::: 
V) 

=> 
0 
u 
C( 

0.8 

0.4 

0.0 

-0.4~------~--------+-------~------~--------~--~--1~----~----------
K :c 2.0 

0.10,= 1.0 

-0.81-__ --1-____ + __ -1---+----+----~---_+_-_,_-_1 

-1.2 I-------if----------t------~---_l--------;----_l----__t-----_l 

-1.6 L-___ --iL-__ ...I.-.---1---:~..L-.L.....L._'__:_~------1:_--.L....--L-L--.L...J-L...LI---------L----L--1......J 
0.1 0.2 0.5 1.0 2 10 20 50 

ACTUAL FREQUENCY f 

CUTOFF FREQUENCY Ie 

FIG.20 

XBL 674-1358 



2.4 

2.0 

1.6 -Crl~ 
.. ;i l.2 
] 
w 
U 
Z 
<t ..... 
U 
<t w 

0.4 Q:; 

oJ 
<t 
U 
i= 
Vl 
=> 
0 
U 
<t 

-0.4 

-0.8 

-1.2 

K :: 2.0 
Do/Oj= 1.0 

0.2 

-41-

ACTUAL FREQUENCV f 

CUTOFF FREQUENCV i:" -

FIG. 21 

UCRL-17434 

20 50 

XBL 674-1359 



-42- UCRL-17434 

2.4,..----..------r----..---,---.------.------.---_'------. 

2.0 r--~I-::K;---:=:-=2-=-.0.,---+---+---1--R-,.(-ZI-:-,~-)-I /'~ '----1!+--..----r--l-.--.-r-r-T-~I 
Do /D;=2.0 pv , 

I II 
ClI~ 1.6 f----+----t----I--+------f-:I·~--++l---'--I+-_+++_tt_I -tHt--!l-1 I -!J..+.l

11 

j' I 

N , II: ~ i ,,1----+----'----+---4--+--;I\-I-tt--\' ---+-4--l+-++J-+!--++-!+-IiHl--l
1

Hl \ 

:§ 0.8 r---+----+---+-----+--(j /-I-I~--l---'\__\-V4 J---1\----i1r--+-io--\Hlr+{+H.{ffi~1 

§ // 'vJ I~ '- I Ii: 
§ 0.4 r===+=====t==::::::::::::=l-===~L___+~/Ut~/~IIw:1 U~l W, I~ 
~ _/ li,/ 

0.0 f----+---...;.-+==::::::+----1----++--+I-++-I/I-I-+-W-++~~H++I-WJ 

r 1m (Z,*I 1/ I . 
-0.4 I----I-----I--:..-f-------'-+-i

l 

-~L\l-J-I---l+III----l-V-l--+ll-+HHHf.-+qHH 

-O.8~ ___ ~~~~~~~~ __ ~-~~~~~~-__ ~-~~~ 
0.1 0.2 0.5 1.0 2 5 10 20 50 

~ '\ 

ACTUAL FREQUENCY f _ 

CUTOFF FREQUENCY fc 

FIG.22 

XBL 674-1360 



2.4 

2.0 

<~ 1.6 
N 

~ 
0:: 

w 
u z 
ct 
~ 
V> 
Vi 
w ex: 
....J 
ct 
u 
i= 
V> 
::> 

8 
ct 

1.2 

0.8 

0.4 

0.0 

-0.4 

-O.S 
0,1 

" 

K = 2.0 

00/0,= 10 

J 

0.2 0.5 

-43-

/ j V 

lJ 

1.0 2 

ACTUAL FREQUENCY .!._ 
CUTOFF FREQUENCY fc 

FIG,23 

UCRL-17434 

I 
lill 

\ V V 

5 10 20 50 

XBL 674-1361 



2.4 

2.0 

..... 
"(l~ 1.6 

N 

E 
... 1.2 u z 
..: 
I-
u 
..: 
UJ 

0.8 0:: 

-' ..: 
u 
i= 
V> 
;;:) 

0.4 8 
..: 

0.0 

-0.4 

-0.8 
·:i 

0.1 

Do/Dj c l0 

0.2 0.5 1.0 

-44-

2 

ACTUAL FREQUENCY f 

CUTOFF FREQUENCY ~ -

FIG. 24· 

UCRL-17434 

5 10 20 

XBL 674-1362 

'" 

... 



-45- UCRL-;;,74:34 

2.4 

2.1' 
I 

i 0./";0.11'" 
1 

.;; I 
l.6 

N ...., 
'" 0:: 

.... !.2 u z 
c( ... 
L" Vi .... 0.0 c:: 
..J 
c( 
U 
~ 
<J) 

~ 0.4 0 

'!:i 

0.0 
·1 
! 

-0.4 
.:.r 

-0.8 
0.1 0.5 

~IG.25 

XEL 67;1- J.36:5 



2.4 

2.0 

-. 
<l~ 1.6 
N 

• o.J 

E 

UJ 1.2 u z « ..... 
u « 
UJ 

0.8 c:: 
-' « 
u 
i= 
'" => 0.4 0 
u « 

0.0 

-0.4 

-0.8 
'0.1 

I. 

O./O'c 100 

~; 

0.2 0.5 1.0 

-46-

. < 

2 

ACTUAL FREQUENCY f 
CUTOFF FREQUENCY ~--+. 

FIG.26 

UCRL-17434 

l. 

5 

XBL 674-1364 



I , 
I " i 

I 
I 
i 
! ~ 

! 
I 
1 

i 
N 

::x: 
E .... 

i 0 
l! .-t 

X 
,; >-

(.) 
Z 
LU 
::> 
0-
LU 
Q:: 
u.. 
u.. 
u.. 
0 
I-
::> 
(.) 

X 
::x: 
l-
(!) 
Z 
LU 
...J 

5.6 

5.0 

4.0 

3.0 

2.0 

to 

2 4 

-47-

6 8 10 2 4 

OUTPUT DIAMETER .Qo 
INPUT DIAMETER-- Dj -

FIG. 27 

UCRL-17434 

V=lOOOm / sec. 

2 4 

XBL 674-1365 



• 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
impli~d, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






