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MATCHING AND BACKING PROBLEMS _
IN PIEZOELECTRIC READOUT SYSTEMS™

Branko Leskovar
Lawrence Radiation Laboratory

University of California
Berkeley, California

March 16, 1967

ABSTRACT
The effects of matching and backing on the performance of the

piezoelectric ceramic transducers used in delay line readout systems
for spark éhambers 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 matchiné 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.

>

‘Work done 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 ‘positioh 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 methodsi’ 2), most systems use the magnetostrictive effect3—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 biased coil in which output pulses
are produced by the change in magnetization‘ of the wire element due to
the straiﬁ wave at the place of the transducer4). The magnetostrictive
effect exploited at generation of ultrasonic stress pulse, and the inverse
magnetostrictive effect used at the receiving tranéducer, strongly de-
pend upon density of the magnetic flux in the wire. Amplitude of the
ultrasonic stress ‘pulse at its generation decreases with rmagnetic satura-
tion of the delay line wire. At the receiving transducer, the output pulse
has. a maximum value for an optimum amount of the magnetic bias. Out-
put pulée amplitude generally decreases with any change in the magn.etic
bias from its optimuwm value. . Influence of an ambient magnetic field cah
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 field6). Since
the réceiving 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 rﬁagnetic shielding can
be accomplished. A long delay line can bé employed between the spark

chamber and the shielded transducer.
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A piezoelectric receiving transducer, which is essentially un-
affected by magnetié-fields, was tried out in an experimental set-up6).

- It produced.larger output signals than the nlagnetically biased coil, but
large acoustical impedance rni.‘smatchin‘g at t&o interfaces--betvareexl the
delay line and the transducer, ‘and be.tv;reen the transducer and the éb—
sorbing backing--produéed reflections and broadened the output pulse.

Gener'ally,‘ the acoustical impedance rnisi‘natching is larger at
the interface of the delay line wire end and the fransducer.than at the
interface of the transducef and the abéorbing backing. Consequently,
the acoustical imp'ed;ance mismatching of the first interfacé has a major
influence on reflections. This is because the diameter of commercially
available transducers is larger-than the allowable diameter of the wire
used as a delay line. The most common férm of wave propagation used

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

‘However, the first longitudinal mode of wave propagation in wire is
slightly dispefsive when the wire diameter is a small fraétion of the
wavelength; In practical applications the wire diameter should be
approximately 0.1 mm for equivalent operating frequency in the low
megahertz range. Available thicknesses of comfnercially manufactured
piezoelectric transducers have diameters of approximately 3 mm. From
the standpoint of technical feasibility, the lower limit of the transducer
minimum diameter is approximately 1.0 mm. Accordingly, in the best
case, the acoustical irﬁpedance ratio between the delay line wire and the
transducezl at their interface is approximately 100, even when the wire
material and the transducer material have equé.l specific acoustical

impedances. Furthermore, the ultrasonic stress pulse will be distributed

B
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very non—u-niformly over the recei;fing transducer input surface when
the delay line wire and the receiving transducer are in direct contact
over only a relatively small area of the delay line wirei Both effects--
the abrupt change in acoustical impedances at the interface of wire end
and the transducer, and non-uniform distribution of stress pulse over
the transducer surface--will have such very undesirable consequenées
as .reflectiOns of ultrasonic energy from the transducer input face,
transducer resonances, and distortion of the output pulse. ZFor these
reasons, it is importa.nt‘to insert a connector with a gradually increasing
cross-sectional aréa between the delé.y line wire end and the receiving
transducer input face. The most advantageous connector so far employed
in physical acoustics is the exponential cohnector, the purpose of which
is to transform the transducer acoustical impedance to the delay line
- wire acoustical impedance.

The puréo-se of this paper is to obtain useful applicable results
for designing a readout receiving probe, when semi-matched conditions
of acoustical impedances.are fulfilled. These results were derived
from basic acoustical properties of the experimental and the cylindrical
connectors.

Input acoustical impedance of the exponential connector

In designing the exponential connector for the previously men-
tioned application, we selected the connector parameters so that the
connector transfers the maximum amount of ultrasonic energy into a
piezoelectric transducer over the desired frequency range with minimum
internal reflections, resonances, and distortions. Although a complete:
analysis of the ultrasonic stress-wave motion in a solid, finite—leng’c.h8

exponential connector used in a receiving probe configuration is very
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complicated, one can use an approximate 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

AX = Ai exp (rnox) ) ' : 1)
where Ax is the cross~-sectional area (in metrez) at point x along the
connector axis, Ai is the cross~-sectional area of the smail end of the
connector (in this co:asicieration, it is equé.l to the cross-sectional area
of the wire used as a delay iine'),. m is the flare constant in metre
and x is the distance from the connector's smaller end in metre. The
flare constant m determines the rapiditfof the flare; the greater m
is, the greater is the curvature of the connéctor. For an exponential
connector of finite length, which is the case in the present application,
the modified approximate .expression for the iﬁput acoustical impedance

7)

. -4 . .
in kg/m" sec according to Olson ' is

P 4 Aozo cos (bl +6) + jpv sin bl (2)
. —. '—— . ,_' = 6 F)
-2 Ay ,_}AOZO sin bl + pv cos (bl )

2
- where p is the density of the connector material in kg/mJ, v 1is the
velocity of ultrasonic wave propagation in m/sec, z, is the acoustical

impedance of the backing material in kg/rn4 sec, and 1 is the total

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

equations: .
0 = ’ta,n—1 (mo/Zb) - : (3)
b =1 (4p” - mi)i/z €Y
p= ZTT/)\. s (5}
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where N is the wavelength in metre. The flare constant is given by
L me T/ " g

where fé is the connector cutoff frequency in hertz units. From further
rconsideraticvms it will be seen that there is generally a sudden change in
the input aéoustical 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 Ao’ made of a material with t‘he specific acoustical impedance
°5Ve (where 3N is the rod's material deﬁsity, and v is the velocity
of propagation of an ultrasonic wave in rod), oﬁe can substitute the ex-

pression for a circular rod acoustical impedance

o - pOVO/AO (7)

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

impedance in a normalized form
7 ﬁg _ Kcos (bl +6) + j sin bl ' (8)
i pv cos (bl - f) + jK sin bl ’

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

acoustical impedance of the backing rod material and the connector
material
K= povo/p‘Y . | (9)
From equation (8) can be seen that the normalized acoustical

impedance of a finite exponential connector basicaily consists of a real

part and an imaginary part

‘\i A' \ /‘ lq.i\ll
7. L -Relz, X | 41miz, — !, (10)
i pv \‘ ipv / \'1 pv /

The actual amount of the real and the imaginary parts 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. Tile .connector input acoustical
resistance and réactance as a function of the frequency, the connector
geometrical dimensions, and the s‘vpecific acoustical impedance éf the
~connector material and the backing‘ réd material are very important in
© .determining the opti.m.um co'nniector dimensions and thé readout receiving
~probe configuration. From the standpoint of a minimﬁm reflection at
the ihterface of .the end of the delay line wire and the smaller end of
the connector, and a Vt‘ransmis sion of ultrasonic energy from the vw.ire' s
elnd of the piezoelectric transducer, the aﬁbﬁnt .of the acoustical re-
'sistancé needs to be -maximized with respect to the acoustical reactance
in a given frequency range of interest. . For this pﬁrpose,the input
acoustical resistanée and reactance expressions are derived from
equation (8) as alfunctlon of the normalized. frequenCy, the ratio D /D
of the diameters of the large end to the small end of the connector, and
the specifi¢ acoustical impedancé ratio K between the backing material -
and the matching connector material.

Because the eprnential connector shéws (a) a larger ratio of:
the acoustical resistance to the acou‘stical.reactance and (b) more
uniform écousti’cal resistance chara"c.teristics dve_r a freéuenc;r range
for a finite dimension of conﬁector than other types of connectors {e. g.
.parabolic, conical, or h&rperbolic), only the exponential one will be con-
sidevred.. The properties of cylindrical types will be determined as a

~special case of the exponential connector.
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Acoustical resistance and.reactance expressions for solid exponential
and cylindrical connectors

\

The readout receiving probe consists of a solid exponential con-
nector and various cylindrical coi'nponents. . Input acoustical resistance
and reactance of exponential and cylindrical components can be derived
directly from equation (2). For this purpose the terms bl and 6 in
equation (2) have to be represented as a function of normalized frequency
and the diameter ratio, Do/Di’ of the connector. Using equations (1),

(3}, (4), (5), and (6), we obtain
bl =[(£/£ )% - 111/2 log, (D /D;) (11)

and

41 |
0 = tan . (12)
Lie/e)® - 111/

The following-interesting cases can be directly derived with
equations (2), (11), and (12),

1. When f < fC, or below the frequency corresponding to
bl = 0, the terms bl and 6 will be imaginary, and the following

equé.tions will be valid:

wl=j |Le/e )% - 1] % 10g _(D_/D)] (13)
and |
0o 1/2
9=tan11)-ji 12 / 13 (14)
Lo /)T - )

When the following equatiorisS)are employed

- s i -
tan ! (-jy) = %loge.ﬂ—% (15)

and .
log_ (-1) = = jm(2K" + 1) , (16)
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where K* ig any integérf-the term 6 can be expressed hy the relatién_

P Ayl
--zlogeli-l-yf‘ | 17

{ l ;:{1/2 . (18)

6 = :t'%.'i-

where.

U f/f -1
Furth'erfjnoi'é,? :by>means of equatlons
sin jx = j sin hx , - - (19)

“and A
cos (a. + _)b) cos a cos hb 4a sin hb, JLI'Y\a (20)

the connector 1nput acoustlcal resistance and reactance can be calculated.

They are glven by the expressmns

(/ A\ ~ sin h x - sin hix + 1 log u) sin h(x lo'g€ u) B
Re {Zz, .=~} =K > : (21)
\T ‘_“ K" sin h x + sin h x —_—5 loge u)
and : . R '
. vAi' . .. xsinh(x - l log u) =+ Kzsin h(x + ilog u)
Im Zl -p-;,- =) sin hx 5 (22)

"K” sinh x+51nh (x-—log u)

~where x and u. are given by the equations-

x = l[(f/f [1/2 log, (Do/Di) | (23)
u'zh_—;c. o N 2

2. When f= f , Or 4K =m_, equation (8) is indeterminate.
Ma.klng the derlvatlon of numerator and denommator with respect to b, and

setting b equal to 0 give an evaluated expression for the input acoustical

impedance: S _ C
A, K[1 - log (Do/Di] +j log, (Do/Di)

Z, —= = — : 25
ipv. 1+ log, (Do/Di) + jKlog, ('Do/Di) 25)

From equation (25) the normalized input acoustical resistance

and reactance of the connector can be expressed by the relations
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An o | |
= Re(Z, ﬁ\- = T:ZK > — (26)
1k / (1 + log, (Do/Di)]“‘ + K [log, (Do/Di)J

7 ’Ai) log (D_/D,) [1 + log_ (D, /Dl K’log_ (D_/D,) ji - log, DO/D]
ImiZ, —} =]
( LRy [L+ log (D /D 1 + K° }_iog Do/Di ,Z

respecfively. (-22)

3. When f > fc’ the normalized connector input acoustical re-
sistance and reactance can be di.rectly calculated from equation (8). Such

calculation gives

A \ 2 '
i 6 -0
Re ng) _ g cos (b12+ ) cos (bl - )2+ sin” bl 28)
° cos®(bl - 6) + K sin“bl
A\ ) 2 .
Im<Z. _}.} = j sin bl cos (21 6) - K c??s (bzl r 0) , (29)
PEV) T cos” (bl - 6) + K sin” bl

where bl and 0 are given by eqﬁations (11) and (12).

4. For Do/Di =1, the exponential connector becomes the finife
Cylindric.al connector. ’I"}he flére constant m equals. 0; consequently
b equals (4p° - m?) 72/ equals p, and 6 equals tan ™| m_/2b equals 0.
Using expressions (5) and 1 = v,/fc, we find that the term pl = 2 TTf/fC.

The normalized input acoustical resistance and reactance of cylindrical

connector directly given from equation (8) are

Re(iﬁ>= 5 zK > . | (30)

e K'sin w + cos w

Im(Z i"}_ _ j‘ (1 - K% sin w cos w . (31)
LAV KzsinZ w + cos” w

where w equals ZTrf/fC.
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, By-meané of a digi{al c&rﬁputer:, the exponehtial Aandvthe cylindric.é.‘l
vconne‘cltor inpu’t;aéoustical re'sisfance and reactance é.é,a.function of the
normalized frequency with the connector diametef ra‘;io, Do'/Di, and the
mafchiﬁg factof, K, as 'parameters are -ca.l_cxiléted and plotfed as shown
in Figs. 2 - 26. B |

| The normalizéd ‘input acousti§a1 fesii'stan'c‘e and rea;ctance characteris-
tics of thé' cylinari_cal connector as a‘Afunct_ion of'the no.rmalized frequency
and other significant paraméte_rs al.re giife:n in Figs. 2, 3, 9, 16, 20, and 21.
Thes.evfigux_’_es‘ sho’vs-/ that the varia;tions- in the.inpﬁt acoustical resistan.ce and
reactance as a function of normalize‘d frequenc;} are Quite large in amplitude,
e\/;en for a relatively small value of the acoustical impedance mismatch be-
tween the connector'maferial and the backing fnatéria;l. For a perfect
matching [ when the métching factor K= Ipovo/pv = 4, from equations (30)
_ and (31)], it directly follows tﬁat the Re(Zi Ai/pv) équals 1, and
Im(Zi Ai/pv) e.qua_ls 0. }For-:a matching factor of 0.8. or 1.2, the amplitude
variations in acoustical resistance will be approximately #20%. of the
normalized resistance .va.luevof 1. I the matching factor is 0.5 or 2.0,
it cé.n be_seén from Fi‘gs. | 2, 3, 20, and 21 that the acoustical resistance
amplitude variatién will bé aéproximately +400% and -50% of‘ the normalized
resistance value. The acoustical reé.ctance will vary a'roﬁnd zero for
approximately :1:7_5% of the normalized resistaﬁée value;

 For the exponentiél connector and with perfect matching, the
acoustical resistance and reactance change suddenly in the frequericy
region around the normalized frequency point f/fc = 4. An actual value
of the ac‘ou‘s.tical resistance in the region below f/fc = 1 depends strongly

upon the connector diameter ratio, Do/Di' For a small Do/Di’ the connector
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input acoustical resistance will have an appreciable value below the
normaiized frequency ,f/fc = 1, which means that the connector will
transmit ultrasonic energy below this frequency. However, with incréasing
, Do/Di’ the acéustical resistance in this fre»quehc?y region will be very small,
and will prevent an efficient trans.missivon of energy through the connector,
as can be concluded by a comparison of the resivsktance characteristics given
in Figs. 13, 14, and 15. In contrast, the acoustic‘al re,;ac’cance magnitude
increases with increasing Do/Di in the sarﬁe frequency region. Fdr the
most pn:ractica.l application, Do/Di is equgl td or larger than 10, when the
acoustical resistance below the point ‘f/fC = 1 has 2 small value. About the
region of the cutoff frequency, the normalized acoustical resistance approaches
unity. In contrast, the ‘acoustical reéctance approaches z_éro in both di-
rections from the point ,f/fc = 1. |

When the matching‘fact'or is eq;J.al to 0.5, 0.8, 1.2, and 2.0, the
acoustical resistance énd reactance characteristics will generally have
the same basic beha}\}iour as in the cases just described for the region
around the point f/fC = 1, except that the first amplitude characteristics
will be shifted along the f/fc axis, as one can conclude from Figs. 4~ 8,
40 - 1'2, 17 - 19, and 22 - 26. . Furthermore, the common property of the
acoustical resistance chafacferistics is that they will never asymptotically
approach the normalized unity value when‘n f/fC increases, as it did in the
pre\}ious cénsiderations for K= 1.0. In addition, the acoustical reactance
characteristics will never approach zero as f/fc increases. Both characteris-
tics have amplitude variatiohs of a constant magnitude for large f/fc ratios
on the right side of the point f/fC =1, 'I“he 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_thé-maghitude of amplitude variatiqné. This effect

can be éasily seen by .c.o.mpa.ring 'ZFiﬂgs.. 11 and 18 with Figs. 5, 6, 23,

and 24. Meanwhile, the separa‘cioln befween the succéssive ma’.ximalof
‘a}mplituvde. variations is increased as Do/b_i increases.

Readout-probe design considerations

The connector's .acoustiﬂcal cha‘ractérist.ic_:'s can now be used for
determination of its opfimum length, fhe readout-probe configuration,
and the acoustical impedances of various prlobé elements. The main
readout probe cha_.-facteristics desired are a wide bandwidth and a low
' tranbsmission loss which gives good sensitivity. A basic delay line read-
out probe configuratibn is _shown‘in-Fi'g. 1. A aelay ‘lin‘e wire of a specific

acoustical impedance Z_ is soldered on the exponential connector's

D

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

ZE' A piezoeiectric ce_famic transducer, ‘ofva.specific impeda‘nce ZT’
is joined to the i_arger end of the exponential c_onnectdr and to the ab-
sorbing backing rod by means of indium solder or’'silver epoxy adhesive
bonds of spepiﬁc impedanf:és ZBZ and ZB3’ respectively. The ab-
sorbing backing rod increases the: readout probe bandwidth and absorbs
the energy transmitted into the backing ‘materia.'l to prevent fals e‘ echoes.
- The mutual dependence between the connector's total length, 1,
the coﬁnector' s cutoff frequency, fc, and the connec’corA' s diameter ratio,
Do/Di’ can easily befvfound by‘cor.lsidering‘relations (1) and (6). If the
area of the connector's larger end Ao and smaller end Ai are expressed

by means of diameters Do and Di’ ‘on the basis of equations (1) and (6) an

exponential connector length times cutoff frequency characteristic in metre -

can be expressed by the equation

1f = 2 log_ =2 , (32)

Hz
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‘where v is the velocity of ultrasonic wave propagation in the connector

material..

Graphical representation of this equation is shown in Fig. 27. By
means of equation (32) the product of the connector length and éut'off fre-
quency can be calculated, using the velocity of wave.pro‘pagation in the
connector material, the delay line wire Idia‘meter Di’ and the piezoelectric
transdﬁcer-parameter D,. For maximum acoustical energy t;ansmis sion
through the connector, the connector cutoff frequency must be 'placed be -
low the low-frequencf limit of the frequency range.

Because the fnatch'mg factor has an appreciable effect on the con-
nector acoustical characteristicé and consequently on the transmission of

ultrasonic energy through the connector, the specific acoustical impedances

-of the delay-line wire material, the connector material, the transducer

material, 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
betweeﬁ the various readout probe components. |

Between the end of the delay line wire and the smaller end of the
connector, an adhesive bond with specific impedance ZBi is unavoidable.
The adhesive bonds of a finite length aré a.lso present between the connector's
larger end and the transducer as well as between the transducer and the
absorbing backing rod. These bonds will introduce some losses and re-
flections. The bonds!' thickness must be minimized to reduce these un-
desirable effects.

On the basis of these COnsideratiOns, a piezoelectric readout probe
assembly for a spark chamber was designed. This assembly, shown in

Fig. 28, consists of the components listed below with their impedances.
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Approximate material
specific acoustical

_ » _ ‘ impedance
Component ' (kg/rn2 sec)
 Vacoflux delay \ ) ‘47><1O6 " ~
line wire '
Stainless steel | | a0x10°
exponential connector ,
Piezoelectric ceramic - 34)(106
transducer PZT-5A
Absorbing backing | | 28x40°

Vlead. rod :
With‘a chosen connecfor cutoff freéuenc:y of 100 kHz,, the required con-
nector iehgth is 25.4:><10_3 m. The connector flare constant of
m = 2..52><1O'2m~'1 was calculated from equation (6) using the propagation
velocity of a strain wave v = 4990 m/sec fof-nOnmagrletic sfainless steel.
The vacoflux delay line wire was soldered oﬁ the connector's small end.
The piezoelectric céramic transducer was 'joined to the connector's larger
énd and to the absor:oing backing rod by means of indium solder. Equally
good results were achieved by using bubble-free layers of sih‘rer €POxXy
(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's larger end, and the other electrical conﬁection -
is made by means of the backing lead rod. The complete probe assembly
is shielded with a copper cylinder, at the end of which a minjature 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 assembiy
shown in Fig. 28. The horizontal scale is 0.5 usec/division; the vertical
scale is 100 mV/division. The output signal \%/as obtained as a response to
a confined magnetic field pulse introduc.ed on the delay line approximately
15 cm from the transducer. The magnetic field pulse was produced by
fhe passage of a 1.5A current pulse 0.2 psec wide through a 20-turn coil.
The probe output pulse is also followed by some rings. These
rings are éssociated with lateral modes iﬁ the probe assembly, and with
the residual reflections due to the matching factor K # 4, between the
delay line wire, the transducer, and the absorbing backing rod. The
magnitude of th‘ese rings was. invérsely proportional to the transducer
radius and grew moré pronounced with an increase in transducer radius
and with the application of an ultrasonic sbtress pulse. With the air backing,
as well as the various low impedance backings (such as plastics and epoxy

6 kg/mzsec), the main output pulse was followed with several

‘with Zmz 3X10
rings of approximately the same magnitude as the main_pulse, due to the
large acoustical impedance mismatch between the transducer and backing
medium.

‘We tried using a higher impedance absorbing backing with centri-
fuged mixture of epoxy resin and 2un or less particle size tungsten powder;
with this mixture had an impedance of the order of 1O><106 kg/mzsec and
the responée wé.s improved with respect to the amplitude of the ringsi.

The shortest output pulse with a minimum reflection has been obtained

with higher impedance backings such as pure z'inc‘ (Zm =27 X 106 kg/mzsec) .
and pure lead (Zm = 28 X .106 kg/mzseé). The lead backing was apparently
s‘ligh.tly 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 matching and bacl_{ing on the perfox;mance of the
piezoelectric ceramic transducers used in delé.y line i'eééout systems
for spark chambers are considered. _E}épressions have been derived
for the input acoustical resistance vand reactance of the cylindrical and
thé exponential connector of a readout probe configuration as a function -
of_ the normalized frequency, the cohnector ma.t_ching factor, and the
ratio of the diameters of the larger end to smaller end of the connector.
From these expressions, as weil as frém 4the other results of the analysi;s,
several formulas are obtained for design of a non-resonant readout probe
‘ -assembly. intended for pulse strain detection when the 'semima'ccheci con-

ditions between the various readout probe components are fulfilled.

4
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_ Figﬁre Captions

. Fig.
Fig.
Fig,.
‘ Fig.
Fig.
Fig.

Fig.

Fig.»
Fig. |
v‘Fig'..
Fig..
Fig.v

Fig..

Fig,

1 Basic delay line readout probe configuration. Seé téx’c f<'>r
e;&planation of Ai aﬁd Ax.

2, Cylindrical conne‘ctor acoustical resisténce (;harvacte'rivstic.
with K = 0.5 and Do/Di = 1.0 as paraineters.

3. Cylindrical connector acvoustical reactance characteristic with
K=0.5and Do/Di = 1.0 as parameters.

4, Exponential connector acoustical impedance.charaqteristics
-v;/ith K=0.5and Do/Di.= 2 as parameters,

5. Exponential connector acoustical resistance characteristic

with K = 0.5 and Do/Di = 10 as parameters.

6. .Exponential connector acoustical reéctance cvharacteristic
with K= 0.5 and Do/Di = 10 as parameters.

7, Exponential chnnector acoustica.,_l resistance characteristic
with K = 0.5 apﬂ D,/D; = 100 as parametefs.

8. Exponential connector acousticalireactanée characteristic

‘with K = 0.5 and Do/Di = 100 as parameters,

9. Cylindrical connector acoustical impedance characteristics

with K = 0.8 and Do/Di; = 1.0 as parameters.
10. , Exponential connector acoustical impedance characteristics
with K = 0.8 and Do/Di = 2 as parameters. ! |
11. Expohentia.l connector acoustical impedance' characteristics
with K= 0.8 and Do/Di = 10 as parameters.

12, Exponential connector acoustical impedance character;i's’ti_cs
with . K = 0.8 a.n(‘1 Do/Di = 100 as parameters. B

13, Exponential cbnhectc;r acoustical impedance characteristiés
with K = 1.0 and Do»/Diu = 2 as parameters,

14, ,vExponential connector acdustical impedance characteristics

with K = 1,0 and Do/D; = 10 as parameters.

{
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15, Expénential connector acoustical impedance characteristics
with K= 1,0 and Do/-D_i = 100 as parameters,
16. . Cylindrical connector acbustic_al impedance Cha;racteristics
with K= 1,2 and Do'/Di' = 1.0 as parameters,
.17. Exponential connector acoustical ‘irnpedance'chara.cteristics
with K= 1.2 and Do/Di = 2.0 as par‘%fr}eters. /
.. 18. Exponential connector acoustical impedance characteristics
with K = 1,2 and Do/Di = 10 as parameters.
19. Exponential connector acoustical impedance characteristics
with K= 1,2 and Do/Di = 100 as parameters.
20. Cylindrical connector acoustical resistance characteristic
withAK = 2,0 and Do/Di = 1.0 as parameters,
21, Cylindrical connector acoustical reactance chafacteristic
with.K = 2.0 and Do/Di = 1.0 as parémeters;
22, | Exponential connector acoustical impedance characteristics
‘with K= 2.0 and Do/Di = 2.0 as parameters,
23, LExponential connector acoustical resistance characteristic
with K = 2.0 and D_/D; = 10 as parameters.
24, Exponential connector acoustical reactance characteristic
with K = 2,0 and Do/Di = 10 as parameters.
25, Exponenti;al connector acoustical resistance characteristic
with K= 2.0 and Do/Di = 100 as parameters,
26, Exponential conneétor acoustical reactance characteristic
with K = 2.0 and Do/Di = 100 as parameters, |
27. Exponential connector length X cutoff frequency characteristics
relating to the ratio of the diarneter of the larger end of the

connector to the diameter of the smaller end of the connector.
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Fig. 28. Diagram of the readout probe assembly for a spark chamber.
Fig. 29. Typical readout probe output signal obtained with a 3-mm
diameter transducer; the horizontal scale is 0.5 usec/division.

The vertical scale is 100 mV/division.
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