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ABSTRACT:  The impedance characteristics of the Mk 1 
Mod 0 Squib were determined by the use of an admittance 
meter for the frequency range of 50 to 1500 megacycles. 
In general the reactance values obtained were very 
close to what could be expected if the squib were 
considered to be a symmetrical two-conductor parallel 
transmission line terminated with a 1-ohm resistor 
(the bridge wire).  Under limited conditions of fre- 
quency and lead length the investigation showed that 
the squib could be considered to consist of lumped 
parameters:  pure inductances for the leads within 
and without the bakelite portion of the plug and a 
pure resistance for the bridge wire. 
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CHARACTERIZATION OF THE MX 1 MOD 0 SQUIB 

Impedance Measurements in the Frequency 
Range 50 - 1500 Megacycles 

INTRODUCTION 

Under the Hero program the Naval Ordnance Labora- 
tory is determining the response characteristics of the 
Mk 1 Mod 0 Squib to various electrical pulses such as 
condenser discharge, constant current, constant volt- 
age, radar, and electro-magnetic radiation received 
from CW communication equipment.  In order to gain 
deeper insight into the factors which determine the 
extent of the squib's response to energy received at 
various frequencies, it would be helpful to know the 
impedance of the squib at the frequencies of interest. 
Of particular concern is the impedance at high fre- 
quency where inductance and capacitance contribute 
significantly to the overall impedance.  To answer 
this need, measurements of the impedance of the Mk 1 
Mod 0 Squib as a function of frequency for various 
conditions of lead length have been carried out.  The 
results obtained are presented here interpreted in 
terms of transmission line theory. 

THE MK 1 MOD 0 SQUIB 

A sketch of the Mk 1 Mod 0 Squib is shown in 
Figure 1.  The important features as far as its 
impedance is concerned are as follows: 

(a)  The wire bridge.  The bridge wire is made of 
platinum-iridium alloy.  The percentage of 
iridium is nominally 25%, but as long as the 
specifications for the resistance of the 
wire (180 - 225 ohms per foot) and the 
resistance of the bridge (1.0 ±  0.3 ohm) are 
satisfied, the percentage of iridium can be 
varied.  It can be as low as 17%  or as high 
as 3b%   (based on the variation of resistance 
with composition).  The bridge diameter is 
0.0010 + 0.0002 inch. 

* Hazards of Electromagnetic Radiation to Ordnance 

1 
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(b) The plug.  The plug is made of bakelite 
to the Military Specification MIL-P-14, 
Type MFH, mineral filled and heat resistant. 
At high frequencies the electrical proper- 
ties of the bakelite may become increasingly 
important. 

(c) The cup.  The cup is made of gilding metal 
(95/5 brass) per Military Specification 
JAN-G-439.  The side wall thickness is 0.008 
inch, and the bottom thickness varies from 
approximately 0.0030 inch at the center, to 
0.0040 inch at the edge.  The length is 
approximately 0.450 inch. 

(d) The lead wires.  The leads are No. 24 or 
No. 22 solid round electrolytic, or certi- 
fied oxygen free, copper wire. Military 
Specification JAN-W-538, pretinned or not 
pretinned. ,If not pretinned, the wire has 
a single coating of Formvar, Formex, or 
Polyvar.  The insulation which extends 1.5 
inches.beyond the plug is of double wrapped 
celanese, plus one coat of cotton braid, 
lacquer coated, so that the outside diameter 
is 0.06 inch maximum.  The lead wire diameter 
is 0.0201 inch (No. 24) or 0.0253 inch (No. 
22) and the distance between centers in the 
plug is 0.0821 or 0.0853 inch. 

(e) The explosive.  The explosive filling is 
made up of two parts, an XC-9* charge 
immediately around the bridge wire, and the 
main charge of black powder.  These two ma- 
terials make a possible extra path be- 
tween the bridge wire posts and to the cup. 

♦ NavOrd O.D. 6652, "Preparation of Diazodinitrophenol 
Ignition Mixture", describes this explosive charge. 
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THEORY 

The squib (with its leads) 
be similar to a balanced transm 
a symmetrical assembly terminat 
The reactance of such a line is 
of the lead length at constant 
frequency at a constant lead le 
ances, the reactance of a given 
will be a linear function of fr 
of this it is possible that the 
sented by a simple lumped circu 

may be considered to 
ission line since it is 
ed in the wire bridge. 
a tangential function 

frequency, or of the 
ngth.  For small react- 
squib and lead length 

equency, and because 
squib can be repre- 

it. 

It thus appeared desirable to consider the theory 
of transmission lines in order to see what sort of 
variation of reactance versus frequency would be 
obtained, and whether or not the squib would exhibit 
such a reactance. 

Consider a two-wire line of length ■*    terminating 
in an impedance Zr as shown below 

<  /   > 

The impedance looking into the line — the impedance 
as seen by the source — assuming zero losses is given 
by 

Z = Zo 
2r + JZo tan/^ . 
Z0 + jZr tan^/ (1) 

where Z  is the characteristic impedance, j is J-1, 

and y^ is the phase constant per unit loop length of 
line.U) 

(1)  NavShips 900,038, Impedance and Admittance 
Diagram for Transmission Lines and Wave Guides. 
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When the terminating impedance Zr is equal to the 

line impedance Z0, Equation (l) reduces to 

Z = Zo , (2) 

i.e., the input impedance is independent of the line 
length.  This implies that the line length is infinite, 
and this is the significance of the term "character- 
istic impedance" of the line.  The characteristic 
impedance can be calculated from the physical dimensions, 
i.e., the lead wire diameter and separation, see 
Appendix A. 

If the line is terminated in a short circuit, then 
Zr is zero and Equation (1) reduces to 

Z = jZo tan^^ . (3) 

Equation (3) shows that as the line length is 
increased the input impedance will follow a tangent- 
like relationship.  This is shown in Figure 2 where 
the impedance is plotted against the electrical line 
length, /^--€ , in wave length units of the input 
frequency, }[      , (or in terms of the phase constant, 
where 1 wave length corresponds to a phase constant 
of 2 "TT ) .  For line lengths less than 2.   ,   the 

4 
impedance is a pure inductive reactance increasing 
with increasing line length.  At  A  the impedance 

4 
is infinite and an apparent open circuit exists.  This 
point is an anti-resonant point.  As the line length 
is increased from  A to  A the impedance, which is 

4     2 
a pure capacitive reactance, increases from minus 
infinity to zero.  At _2L_, which is a resonant point, 

the impedance is zero and an apparent short circuit 
exists.  For line lengths between _2  anc' A the 

2 
pattern is repeated.  For a small region on either 
side of the zero reactance points, the curves are 
linear, i.e. wherever 
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Thus with a coaxial line or a no-loss two-wire 
line terminated in a short circuit, a determination 
of the variation of impedance with line length at a 
fixed frequency, would give anti-resonant points at 
^C. - (2m + 1) 'X and resonant points at ^ = ^ "X . 

4 2 

Conversely, for a fixed line length and varying 
frequency, anti-resonant points and resonant points 
will be obtained at frequencies of c/(2m+l)_2[_ and 

4 
c/PM respectively, where c represents transmission 

2 
velocity. 

For the particular case J( =■     A  , and Z = o 
8        r 

(i.e., a short circuit) 

Z = JZ0 , (4) 

This means that a short circuited line, \   . appears 
8 

as a pure reactance, the magnitude of which is equal 
to the characteristic impedance. 

METHOD OF MEASUREMENT AND APPARATUS 

Whenever it is used the Mk 1 Mod 0 Squib always 
has several inches of lead wire as an integral part 
connected to the initiating source.  Thus it is 
desirable to carry out measurements on the whole 
squib, i.e., the plug, cup, and lead wires.  Conse- 
quently the aim should be to choose a method in which 
information is obtained on the effects of the lead 
wires on the one hand, and on the effects of the plug, 
bridge wire,and cup on the other.  This can be 
accomplished usually by making measurements on squibs 
of differing  lead lengths. 
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Both admittance and Q meters were available 
for making measurements.  The admittance meter can 
be used to determine values of series resistance and 
series reactance over the range of frequency 50 to 
1500 megacycles/second.  Q meters can also measure 
series resistances and reactances in the range 1 to 
200 megacycles/second.  The admittance meter was 
used mainly because of its greater range of frequency 
and because there was at the time of the measurements 
particular interest in the 300 megacycles/second 
region. 

A block diagram of the admittance meter and the 
associated equipment is shown in Figure 3. Figure 4 
shows a photograph of the equipment. 

The squibs were mounted perpendicularly to the 
face of the mount.  One lead was attached to the 
central conductor and the other to the outer face 
such that the two leads were kept parallel and at a 
distance apart identical to the spacing within the 
plug as shown in Figure 5. 

To cover the frequency range 50 to 1500 megacycles/ 
second, pairs of oscillators were used.  Their out- 
puts werp 50 to 250 megacycles/second, 250 to 900 
megac/cies/second, and 900 to 2,000 megacycyles/second, 
respectively.  An outline of the adjustments for the 
impedance measurements is as follows^: 

(a) Adjust the source oscillator to the 
desired frequency, say N megacycyles/second. 

(b) Adjust the susceptance stub to correspond 
to this frequency.  It is essential that 
this stub be calibrated according to the 
method in the instruction booklet. 

(c) Adjust the local (detecting) oscillator 
so that a maximum deflection is obtained 
on the I.F. amplifier (approximately 
N + 30 or N -30 megacycyles.) 

2 - Operating Instructions for Type 1602-B General 
Radio Company   Admittance Meter can be consulted 
for complete details. 
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(d) Attach the short circuit termination 
(Type 874-WN3) to the line, and adjust 
the length of the line to an odd number 
of greater quarter wave lengths (usually 
5 A . except if the frequency is too small, 
4 
when _2  or 3 A is used, or if the frequency 

4     4 
is too large, when 7^ or 9 A is used.) 

4      4 
This is carried out by shortening or 
lengthening the line until a minimum 
deflection is obtained on the I.F. 
amplifier.  Then lock the line. 

(e) Replace the short circuit termination by 
the component mount to which the unknown 
is attached. 

(f) Adjust the conductance, susceptance, and 
multiplying arms of the admittance meter 
until a minimum deflection is obtained. 
Note the readings on the three arms.  If 
the conductance reading is G, the suscep- 
tance reading B, and the multiplying factor 
M, then the series resistance is 2.5 x G x M 
ohms, and the series reactance is 
2.5 x B x M ohms. 

It is essential that the polystyrene beads separating 
the inner and outer conductors of the coaxial line be 
checked frequently for dirt, cracks, and surface 
crazing.  Dirt can be removed by cleaning the bead 
after dismantling the connector.  If the bead is 
cracked or is badly crazed, it should be replaced. 

EXPERIMENTS AND RESULTS 

(a)  Coaxial Line.  The apparatus and the method 
of operating it was checked by determining the 
impedance of a coaxial terminating unit which was 
fitted directly to the component mount as shown in 
Figure 6.  The results obtained are of interest here 
since they show how well the experiments follow the 
theory.  The characteristic impedance, see Appendix A 
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of this extension piece (90 ohms) was not quite the 
same as that of the General Radio apparatus for 
measuring the impedance (50 ohms), but was sufficiently 
similar so that the anti-resonant and resonant points 
would not be affected.  Figure 7 shows how the 
reactance varied as the frequency was increased from 
0 to 400 megacycyles/second.   The similarity between 
this reactance and the first branch of Figure 2 is 
immediately apparent.  The unit was l^.l^ cm long. 

The first anti-resonant point occurred at 510 
megacycles/second and the first resonant point at 
1,020 megacycles/second.  The second anti-resonant 
point is estimated to be 1,500 megacycles/second. 
These observations can be summarized as follows: 

Frequency     Wave    Fractional 
(megacycles/  Length  Wave Length 

Point     second)        (cm)     (cm) 

1st anti-resonant      510        58.8   ^/4 = 14.7 

1st resonant 1020        29.4    Vl =   14.7 

2nd anti-resonant      1500        20.0    3^/4 = 15.0 

These are in the precise order predicted by theory, 
and the appropriate fractional wave lengths are equal 
in magnitude to the line length.  Moreover, at a 
frequency corresponding to A     ,   the reactance is 87 

ohms, in good agreement with the value for the 
characteristic impedance given above. 

A similar experiment with a shorter coaxial 
terminating unit (7.07 cm long, characteristic 
impedance 83 ohms) gave a first anti-resonant frequency 
of 1,000 megacycles/second corresponding to a  30.0 
cm wavelength, whence  A  = 7.50 cm.  At 530 megacycles/ 

4 
second, i.e., a length of /\     ,   the reactance was 87 

8 
ohms in excellent agreement with the characteristic 
impedance.   The results were not affected by the 
presence or absence of a shield such as is normally 
fitted to the component mount.  The reactance measure- 
ments obtained for frequencies up to 700 megacycles/ 
second are also shown in Figure 7. 
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(b)  Double-Rod (Two-Wire Line).  A two-wire line, 
terminated in a short circuit, was made up of two 1/8- 
inch diameter rods — one being fitted into the central 
conductor, and the other into one of the threaded holes 
of the component mount as shown in Fiqure 8.  The 
distance between centers was 31/64 inch giving a 
characteristic impedance of 245 ohms, see Appendix A. 
These two rods were terminated on the lid of the 
shield.  The line length of this arrangement was 9.90 
cm.  The reactance and resistance observed for this 
line are shown in Figure 9.  The first anti-resonant 
point occurred at a frequency of 700 megacycles/second. 
The corresponding wave length for this frequency is 
42.9 cm which gives )\     = 10.7 cm.  Conversely, a 

4 
9.90-cm line length should give a first anti-resonant 
point at a frequency corresponding to a wave length of 
four times 9.90 cm, i.e., 760 megacycles/second.  The 
first resonant point occurred at a frequency of 1,515 
megacycles/second for which the wave length is 19.8 
cm whence A  = 9,90 cm. 

Another experiment, using a similar arrangement 
with a line length of 5.66 cm, gave a first anti- 
resonant point at a frequency of 1,250 megacycles/ 
second.  The expected value was 1,320 megacycles/second. 
Thus the experiments for this type of line also gave 
results closely approximating predictions of the theory. 

If the short circuit termination is not made 
coincident with the lid of the shield, but is placed 
some distance inside, then different values of reactance 
and resistance as functions of frequency are obtained. 
For a line length of 5.71 cm (actually the same two 
rods as in the last case) the first anti-resonant point 
was at 620 megacycles/second, the second was at 1,430 
megacycles/second, with the first resonant point at 
970 megacycles/second as shown in Figure 10.  This 
shift in the anti-resonant and resonant points is due 
to the difference in the magnetic field pattern in the 
two cases.  This results in an increase in the capaci- 
tive contribution, causing the capacitive reactive 
portion of the impedance to become dominant at lower 
frequencies.  This means that the first anti-resonant 
and the resonant points occur at smaller frequencies, 
and the second anti-resonant point occurs at a frequency 
between the first and second anti-resonant frequencies 
of the ideal case.  Also these new frequencies are no 
longer in the ratio 1:2:3 etc. 
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(c)  Mk 1 Mod 0 Squibs.  Squibs with straight 
parallel leads can be mounted in two ways: 

(1) With one lead connected to the central 
conductor, and the other to the face 
of the component mount covered by a 
shield of appropriate size. 

(2) As in (1) but with a shield of a size 
such that the cup of the squib is making 
contact with the lid of the shield. 

The first way is similar to the second case of the 
two-rod assembly (i.e., terminated internally); and 
the second way is similar to the first case (i.e., 
terminated in the plane of the shield lid) except 
that there is a discontinuity in the electrical 
circuit in that the bakelite plug and explosive filling 
is interposed between the wire leads and the cup. 

Most of the measurements on the Mk 1 Mod 0 Squib 
have been carried out with the first arrangement.  Its 
characteristic impedance, assuming the leads are kept 
parallel (the distance apart being equal to the 
separation of the leads in the bakelite plug) is 230 
ohms, see Appendix A.  Figure 11 shows the results 
obtained for a squib with the distance from the mount 
face to the bridge wire 5.47 cm.  The similarity 
between Figure 10 and Figure 11, i.e., for a double 
rod assembly and a squib of about the same length, is 
quite apparent. 

Figure 12 shows the results obtained with a 
squib of 1.90-cm lead length, i.e., the distance from 
the component mount to the plane of the bridge wire. 
The first anti-resonant point occurs at a frequency of 
1500 to 1600 megacycles/second, a value somewhat lower 
than would be predicted for the indicated lead length. 
This is because of the internal termination of the 
system.  It is also noted that up to 900 megacycles/ 
second the reactance increases linearly at approximately 
14 ohms per 100 megacycles/second.  The resistance 
rises very slowly from 1 ohm at low frequencies to 3 
ohms at 500 megacycles/second and 7 ohms at 900 mega- 
cycles/second. 

10 
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The impedance of squibs of othe 
were measured and the linear portion 
curves compared. The range of frequ 
this linear portion occurred decreas 
length was increased. Table 1 shows 
varied with frequency for squibs of 
from 1.0 cm to 10.3 cm. When the va 
reactances at frequencies of 50, 100 
cycles/second are plotted against le 
shown in Figure 13, straight lines a 
lead lengths up to 9 cm. The reacta 
length of 10.3 cm fall below the lin 
probably due to the difficulty in ke 
leads parallel and at the correct di 
especially as the squib is fixed hor 
mount. 

r lead lengths 
of the reactance 

ency over which 
ed as the lead 
how the reactance 
lead length ranging 
lues of the 
, and 200 mega- 
ad length, as 
re obtained for 
nces for a lead 
es.  This is 
eping the long 
stance apart, 
izontally to the 

Table 1 

Reactance of Mk 1 Mod 0 Squibs as a 
Function of Frequency and Lead Length 

Frequency 
(mega- Reactance (oh ms) 
cycles/ Le ad Len qth (cm ) 
second) 1.0 1.90 3.10 4J. 07 5.5 7.0 8.7 10f ■} 

50 5.5 7.5 9.2 13 15 18.7 22 24.5 
100 8 12 19 22 30 39 44 47 
200 16.7 

25 
32.5 

24 
41 
54 

39 
58 T 

45 60 76 93 102 
300 78 

104 
106 145 179 280 

400 80 
500 38.5 65 116 
600 -- 85.5 162 
700 56 94 
800 -- 116 
900 73 124 
1000 144 
1100 89 

Note:  The impedance varies linearly with the 
frequency above the horizontal lines. 

11 



Lead Length Reactance 
.cm) (ohms) 

1.90 X = 0.139f 
3.10 X = 0.r95f 
4.07 X = 0.204f 
9.0 X = 0.471f 
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The slopes of the lines shown in Figure 13 are directly 
proportional to the frequency.  The reactance follows 
the relationship: 

X = (0.0468/ + 0.050)f ohms (5) 

where J    is the lead length in cms, and f is the 
frequency in megacycles/second.  With the shorter leads, 
the linear dependence of reactance upon frequency is 
maintained up to larger values of frequency.  The 
frequency range over which the relationship is linear is 
shown also in Table 1 by the values included above the 
solid line.  Figure 14 shows graphically the relation- 
ship between reactance and frequency at various lead 
lengths.  The results are summarized as follows: 

Upper Frequency Limit 
(megacycles/second) 

900 
400 
250 
200 

where f is the frequency in megacycles/second. 

If we assume that the squib, over these particular 
frequency-lead length conditions, can be represented 
by a lumped circuit involving three items: 

(a) An inductance due to the lead wires, L,, 

(b) An inductance associated with the plug 
and bridge wire, \^^t 

(c) A resistance due to the bridge wire, R, 

then the reactance of the squib is 

X = TV i  L1 + 27rf L2. (6) 

Comparing this with Equation (5), 

,  _, 0.0468 ff      a . T  .. 0.050 Li " Vff   A a a L2  iir 

i.e., L-, = 0.0U/46/ microhenries and 'L^ =  0.00796 micro- 

henries.  Rounding off the figures, the lumped circuit 
is then an inductance of {ü.üöl5/    + 0.008) microhenries 

12 
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in series with R, the 1-ohm resistance of the bridge. 
The impedance is then represented by 

Z = j (0.0075/ + 0.008)f + 1.0. (7) 

(d) Comparison of Observed Inductance with That 
Due to a Two-Wire Line.  It is of interest 

to compare the observed inductance with that calculated 
for a two-wire line of the same dimensions as the squib. 
When the distance between the center of two wires is 
D cm, and the wire diameter is d cm, the inductance is 
given by 

L = 0.004^- In(^jj)- j  +/^S'microhenries,   (8) 

where ^/ is the length of the leads,/^ is the permea- 
bility equal to unity, and <E>  is a term whose value 
depends on the frequency.  Here &    is less than 0.01 
for frequencies of 100 megacycles and above, so the 
third term can be neglected.^ 

For the Mk 1 Mod 0 Squib, 

L = 0.004/r  1.92 ~^~r^\   microhenries.   (9) 
When yf =  8 cm  L = 0.061 microhenries-, 

when--v = 1 cm  L = 0.0068 microhenries. 

The inductances as calculated from the model (i.e., 
the contribution due to Lj) are 0.068 microhenries and 
0.0075 microhenries respectively.  Thus there is good 
agreement between the experimental and calculated values 
of the inductance due to a two-wire line. 

(e) Impedance Values for the Squib with Shortest 
Possible Leads.  The reactance values in 

Table 1 for the squib of 1.0-cm lead length do not fit 
the model.  The values at 50 and 100 megacycles/second, 
however, are close to those predicted by the model. 
When all the values are plotted, they show that the 
reactance increases linearly with frequency up to 1100 
megacycles/second, see Figure 15.  However, the slope 
of the line is somewhat less than that for the model; 
0.081 as compared with 0.0968.  It was thought that the 
proximity of the cup to the face of the component mount 
was causing a reduction in reactance, but tests with 

Handbook of Chemistry and Physics, 32nd edition, p.2685, 
Chemical Rubber Publishing Co. 
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an unloaded squib (i.e., no cup or ferrule) showed that 
there was no such effect.  The reason for deviation from 
the model is not known at this time. 

(f)  Impedance of the Plug Alone.  To gain an 
insight into the electrical properties of the bakelite 
plug, an unloaded squib with no bridge wire was studied. 
Actually, this squib was one which had been fired so 
that the base of the cup had been blown off.  The re- 
mains of the bridge were removed.  Figure 16 shows its 
impedance curve (the length of lead being the shortest 
possible, i.e., 1 cm.).  As expected, the resistance 
and reactance at low frequencies were large, the latter 
being capacitive.  At 600 megacycles/second the 
resistance had fallen to 14 ohms, and the reactance to 
-200 ohms.  As the frequency was increased, the 
resistance remained fairly constant around 10 ohms, 
the actual values dropping from 14 at 600 megacycles/ 
second to 8 at 1500 megacycles/second.  Over the same 
range the reactance rose from -200 to -100 ohms at a 
constant rate.  Assuming that the reactance continues 
to rise at a linear rate, it is estimated that it should 
equal zero at 2300 megacycles/second. 

CONCLUSIONS 

From these experiments it is concluded that with 
frequencies up to 300 megacycles/second the Mk 1 Mod 0 
Squib having lead lengths between 1.9 and 9.0 cm can 
be considered to consist of a fixed inductance (due to 
the bakelite portion of the plug), an inductance 
proportional to the length of lead outside the plug, 
and a 1-ohm resistance (the bridge wire) arranged in 
series as a two-wire symmetrical parallel transmission 
line.  Impedance of the squib can be calculated from 
transmission line theory.  Over the range cited the 
reactance can be expressed as: 

X = (0.0468/ + 0.050)f. (10) 

Outside the cited range, but dependent on frequency 
and lead length,the expression may still be valid.  It 
holds to higher frequencies at the shorter lead lengths. 

14 
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APPENDIX A 

Characteristic Impedances of Coaxial and Two Wire Lines 

For a coaxial line, with a central conductor of 
radius a, and the outer conductor of radius b, the 
characteristic impedance is given by 

Z„ = 138 logln - • o        ^10 a 

In the case of the long coaxial extension studied, b = 9/32" 
and a = 1/16", whence Z0 = 90 ohms.  For the short 
extension, b = 1/4" and a = 1/6", whence Z0 = 83 ohms. 
For a two-wire line, with a wire radius of a, and a 
distance apart of D, the characteristic impedance is 
given by 

Zo = 276 log10 ^  . 

In the case of the two rod arrangement, a = l_,t, and 
D = 31/64", whence Z = 245 ohms. 16 
In the case of the M8 1 Mod 0 Squib, D = 0.085" and 
a = 0.0125? This gives a value of 230 ohms for its 
characteristic impedance. (The insulating material 
around part of the wire has been ignored.) 

15 
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