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Abstract

Semiconductor bridges (SCBs) are finding increased use as initiators for explo-
sive and pyrotechnic devices. They offer advantages in reduced voltage and energy re-
quirements, coupled with excellent safety features. The design of explosive systems
which implement either SCBs or metal bridgewires can be facilitated through the use of
electrical simulation software such as the PSpice® computer code. A key component in
the electrical simulation of such systems is an electrical model of the bridge. This report
has two objectives: (1) to present and characterize electrical data taken in tests of deto-
nators which employ SCBs with BNCP as the explosive powder; and (2) to derive appro-
priate electrical models for such detonators. The basis of such models is a description of
the resistance as a function of energy deposited in the SCB. However, two important
features which must be added to this are (1) the inclusion of energy loss through such
mechanisms as ohmic heating of the aluminum lands and heat transfer from the bridge to
the surrounding media; and (2) accounting for energy deposited in the SCB through heat
transfer to the bridge from the explosive powder after the powder ignites. The modeling
procedure is entirely empirical; i.e., models for the SCB resistance and the energy gain
and loss have been estimated from experimental data taken over a range of firing condi-
tions. We present results obtained by applying the model to the simulation of SCB op-
eration in representative tests.







1. Introduction

The purpose of this report is to provide some recent data from detonators which
employ semiconductor bridges (SCBs), and to present a model which can be used in the
electrical simulation of such detonators. The operating principles of SCBs and their ap-
plication in explosive devices are discussed in Benson, et al., (1987), Bickes, et al.,
(1988), Martinez Tovar, (1993), and Bickes, et al., (1995).

An SCB (see Figure 1) consists of a small doped polysilicon volume formed on a
silicon substrate. The length of the bridge (100 um) is determined by the spacing of the
aluminum lands seen in the figure. The doped layer is 2 um thick, and the bridge is 380
um wide. The lands provide a low ohmic contact to the underlying doped layer. Wires
ultrasonically bonded to the lands permit a current pulse to flow from land to land
through the bridge. The current pulse through the SCB causes it to burst into a bright
plasma discharge that heats the exoergic powder pressed against it by a convective proc-
ess that is both rapid and efficient. Consequently, SCB devices operate at very low ener-
gies and function very quickly. But despite the low energy for ignition, the substrate pro-
vides a reliable heat sink for excellent no-fire levels.

ALUMINUM
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OPED POLYSILICON LAYER

I SILICON SUBSTRATE

Figure 1. Simplified sketch of a semiconductor bridge (SCB). The bridge is formed
from the heavily doped polysilicon layer enclosed by the dashed lines. Bridge
dimensions are 380 pm wide (W) by 100 pm long (L) by 2 pm thick (t). Electrical
leads are attached to the aluminum lands permitting an applied current pulse to
flow from land to land through the bridge.




The detonator used for the experiments in this report is shown in Figure 2. Type
3-2B1 die were mounted on standard TO-46 transistor headers; bridge dimensions were
100 um long and 380 pm wide. The charge holder was a brass cylinder pressed and
glued onto the TO-46 header. The devices were loaded with 75 mg of BNCP' that was
pressed against the SCB at 20,000 psi. The BNCP was processed by Pacific Scientific,
Chandler, Arizona.

Figure 2. TO-46 transistor base with a brass
charge holder. The internal diameter of the
charge holder is 0.150” (3.8 mm) and the in-
ternal length is 0.270” (6.9 mm). The outside
diameter of the charge holder is 0.25” (6.4
mm). Seventy-five milligrams of BNCP is
poured into the charge holder and then
pressed at 20,000 psi against the SCB.

The electrical data that we present here provides
some new insights into the way that SCBs operate in a
detonator, particularly with respect to the interaction of
the explosive powder and the SCB. We will show that
it is important to include this interaction in the electrical
model of the detonator. Tests of SCBs firing in air and
into various explosive powders have shown that the
electrical behavior of the SCB is very dependent on the presence or absence of the pow-
der, and on the type of powder used. For example, THKP" is more electrically conduc-
tive than BNCP, and the impedance seen by a firing set driving an SCB/THKP ignitor is
significantly lower than is the case for either an SCB/BNCP detonator or an SCB fired in
air . For this reason, it would be an extensive project to try to characterize and model
SCBs in many such configurations. We elected to restrict this work to the case of BNCP
powder.

- L

The reasons for developing detonator models are the same as those for obtaining
models for any electrical components. Given an accurate detonator model and models for
all the other electrical components in a firing system, one can (1) optimize the design of
the firing system with a minimum of laboratory testing; and (2) estimate the effects on
the system due to the failure of components or the deviation from specification of com-
ponents for any reason, such as aging or temperature extremes.

A great deal of effort has been put into the development of models for exploding
bridgewires (EBWSs) and exploding foils (Furnberg, 1994). That work has been very suc-

¥ Tetraamminebis (5-nitro-2H-tetrazolato-N2) cobalt(III) perchlorate.
" Titanium subhydride potassium perchlorate.



cessful and has provided the explosives community with useful tools for the design and
analysis of explosive systems. The basis of those models is a description of the detonator
resistance as a function of energy. We adopted this approach and added empirical de-
scriptions of SCB energy loss and the feedback of thermal energy from the explosive
powder to the SCB. This was found to be necessary in order to describe the interaction
between the SCB and its surroundings.

In this report, detonator models consist of the mathematical and computational
specification of the electrical behavior of the detonator, and as such, will be independent
of any particular simulation software tool. However, we used exclusively the PSpice®
computer program developed and marketed by MicroSim® Corporation. The mathe-
matical models were implemented through the use of the Analog Behavioral Modeling
feature in PSpice. Although not explicitly stated, this may be assumed in the specific
model development and subsequent calculations discussed here.

In the following section, the approach used to model EBWs is described, and an
SCB model based on that approach is derived. We will demonstrate that this model has
applicability over a limited range of firing set voltages and energies. In the next section,
SCB detonator data taken over a broad range of voltages and energies is presented and
interpreted in terms of the SCB energy budget. This will lead to the introduction of mod-
els for energy loss and for thermal feedback from the explosive powder. These models
were implemented into our overall SCB/BNCP models and comparisons between simu-
lations using these models and experimental data are given in Section III.

II. Basic Approach to Characterization and Modeling of SCBs

As our modeling of SCBs has borrowed heavily from that used for EBW devices,
we first give a very brief review of the procedures employed for those studies.

Exploding Bridgewires (EBWs) -

The electrical response of an EBW is characterized by the following behavior:
(1) when the deposit of electrical energy into the bridge is initiated, there is an increase in
resistance at early times up to some peak value; (2) this is followed by a drop in resis-
tance down to some value which remains roughly constant over times of interest (see
Furnberg, 1994 and Figure 3). The initial rise is due to the positive temperature coeffi-
cient of resistivity of metals from ambient temperatures up to the point of vaporization.
The peak value of resistance corresponds to bridgewire burst, and the time at which the
peak occurs is defined as the burst time. The drop in resistance and approach to a plateau
corresponds to the decrease in resistivity incurred as the metal vaporizes and then par-
tially ionizes.
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Figure 3. Data typical of exploding bridgewires (EBWs). Time histories of
voltage and current are used to obtain the energy and resistance as a func-
tion of time from Eqs. (1) and (2). These results are then combined in the
plot shown. The gaussian and exponential curve fits used in the EBW model

(see text) are superimposed on the plot.

This behavior is modeled by an approach which is primarily based on the as-
sumption that the resistance is a unique function of the energy E delivered to the bridge-

wire, given by
f
E = [viar, ©)
0

where V is voltage across the bridgewire leads, I is current through the bridgewire, and ¢
is time. Bridgewire resistance is simply defined as

R=V/L #))

Another quantity which is useful in interpreting EBW behavior is the action,

A= ]'I 2dt . 3)




It is found that the best EBW models make a slight compromise in the reproduction of the
dependence of resistance on energy in order to accommodate the observation that the best
agreement with experiment is obtained when the model is adjusted so that the action at
burst agrees with the experimental value.

To obtain a PSpice model of an EBW, an experimentally measured resistance ver-
sus energy plot is fit to two overlapping mathematical functions (see Figure 3): (1) a
gaussian to describe the initial rise and the very early part of the drop in resistance; and
(2) an exponential decay to the late-time plateau. There are 7 parameters which define
these functions. Some of these parameters are determined by imposing various con-
straints involving resistance values, action to burst, and continuity. These constraints
uniquely determine the gaussian function. The remaining parameters determine the decay
rate and late-time value of the exponential, and are adjusted visually for an optimal fit to
the data. The gaussian and exponential functions are then employed in a PSpice model to
specify the instantaneous resistance of the device in circuit simulations.

Semiconductor Bridges: Simple Model

Data from a typical SCB shot are shown in Figure 4. The firing set used for this
test contained a 19.08 pF capacitor charged to 50 V. (Table I provides information on all
the SCB tests to be discussed in this report. For future reference, we note that the data in
Figure 4 are from Shot #1318, and that the shortest possible cable connection was used
between the output of the firing set and the SCB.) Note the sudden drop in current and
the rise in voltage at approximately 1.6 ps. This corresponds to vaporization of the
bridge, and the time at which this occurs is denoted as burst time in the figure. Through-
out this report, burst time will be defined as the time of the beginning of the current drop.

Unpublished experiments with THKP actuators and a crowbar firing set demon-
strated that vaporization of the bridge was required to obtain ignition of the THKP.
When the current was turned off (crowbarred) at any time prior to the burst time, the ac-
tuator did not function. In contrast, if the current was turned off after the burst time the
unit still functioned. We believe that vaporization of the bridge is also required for
BNCP; however, crowbar BNCP experiments have not been carried out as yet.

Note from the resistance plot that the ratio of voltage to current is very large at
very early times. This is not true resistance; the initial SCB resistance is approximately 1
Q, and it is expected that the resistance increases monotonically to the first peak shown at
approximately 0.6 ps. The large ratio of voltage to current is due to inductance in the cir-
cuit and is just an initial transient that always appears in the very early data.




120

- | 1 ) 1 ] i 7

g 100 |- Voltage—\ de
§ sol Resistance |5 _
5 i 14 ]
(& o
ke o] 60 - 1 g
= i 3 g
> 40} 2 ®
& - Burst time =
S 20 - 1
) - |
> | 1o

0 N 1 N L N 1 Aol 2 1 N

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (us)

Figure 4. Data from SCB Shot #1318 illustrating standard behavior. Raw
data are shown for the voltage and current; however, the resistance is ob-
tained from filtered voltage and current signals.

The resistance versus energy plot resulting from the data in Figure 4 is shown in
Figure 5. This is what one might refer to as “classic” SCB data. The various regions of
silicon conduction are indicated. The bridge proceeds through the following stages: (1)
extrinsic conduction, when the silicon exhibits a positive temperature coefficient of resis-
tivity; (2) intrinsic conduction, when the temperature of the bridge is raised sufficiently to
release a large number of charge carriers, and the temperature coefficient of resistivity is
negative; (3) melt, and (4) vaporization, when the resistivity of the silicon increases rap-
idly. The dashed line denoted “true” simply indicates the approximate resistance behav-
ior of the bridge at early times, as discussed previously.

We note that burst occurs at about 1.7 mJ. The enthalpy required to completely
vaporize the silicon in the bridge was calculated to be 1.65 mJ, of which 1.1 mJ is re-
quired for vaporization with the remainder used for heating and melting. (The difference
between enthalpy and energy is of the order of 0.1 mJ, and may be ignored.) Hence, we
can say that the theoretical order of magnitude of the energy to burst is reflected in the
data. However, we do not believe that vaporization is complete at the point that we have
defined as burst. Therefore, the apparent agreement between the values of 1.7 mJ and
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1.65 ml is fortuitous; there is some energy loss. We note that the initial energy £ = 23.9
mJ stored on the capacitor is much more than that required to vaporize the bridge.

- Vaporization
4 | r—Extrinsic P T~

/—Intrinsic

/‘MG“‘.

0.5 1.0 1.5 2.0 25 3.0
Energy (mJ)

Resistance (Q)
w

S Burst time

Figure 5. Resistance versus energy taken from the data shown in Figure 4.
As indicated in the caption for Figure 4, the resistance and energy are ob-
tained from filtered voltage and current data.

Note that the behavior of the SCB resistance is somewhat more complicated than
that of the EBW illustrated in Figure 3. This has a significant effect on the way the SCB
model is implemented in comparison to EBW models. Specifically, we used a table
lookup procedure in PSpice to model the resistance as a function of energy, rather than a
sequence of mathematical functions. We tried the latter initially, but the structure of R vs.
E for the SCBs quickly results in too much numerical complexity to be practical.

The procedure for obtaining a simple model for an SCB from the data shown in
Figures 4 and 5 is as follows. (1) Obtain a spline fit to the R vs. E data in order to pro-
vide additional smoothing. (2) Create a table of R and E values from the fit. And, (3)
create a PSpice part which is an analog behavioral model having the R vs. E characteris-
tics given by the table. The Origin™ data analysis software from Microcal Software™
was used for Steps (1) and (2). We used their B-Spline fit in Step (1). The table created
in Step (2) from the data of Figure 5 consists of 148 points from 0 to 2.51 mJ.
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Results Obtained with the Simple Model

Discussion of the results obtained from this simple model for the SCB will begin
with a description of the firing set used to obtain test data from the bridge. The firing set
electrical schematic is displayed in Figure 6. The data on which we relied most heavily
(the last 18 entries in Table I) were taken with very short wires from the output of the
firing set (i.e., from Points 1 and 2 in the figure) to the SCB. An SCB model could be
inferred from this data without reference to the firing set. However, the details of the
firing set are relevant to the model development for the following reasons: (a) we use a
model of the experimental circuit, including the SCB model, to check the accuracy of the
SCB model; and (b) some of our data was taken with 18 inches of RG-58 cable and 6
inches of twisted pair 22 gauge wires connecting the bridge to the output of the firing set
(e.g., the first four entries in Table I), and it was necessary to take the extra cable length
into account in processing the data from these tests.

20 K SCR TRIGGER
+ O——AMWW —D > 1

4 - 2004 & I 0.01pf
20F
50 VvDC T SCB
5 = .

ECVR
-O > 3
v

Figure 6. Firing set used for SCB tests. Voltage data is taken from a 50 Q

instrumentation line connected between Points 1 and 3. Current data is
taken from a similar line connected between Points 2 and 3. In the present

work, the capacitance and initial voltage (shown here as 20 pF and 50 V)

were varied between 3.38 pF and 38.1 uF, and between 15 V and 90 V, re-
spectively.
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Figure 7. PSpice model for the circuit used to obtain SCB data. The values
R_wire and L._wire shown are estimates for the short cables used (see text).
The CVR used to obtain current data (see Figure 6) was not included in the
circuit.

We included the early-time impedance measured at Points 1 and 2 in the tabular
data used in the model. In other words, we are modeling the initial transient (see discus-
sion above) by including the effects of the impedance of the short wire connections and
the SCB itself in the model. This is a weakness of the model, but we believe it is a minor
one. We made attempts to model this impedance as a constant inductance and resistance,
but this did not prove to be very satisfactory. We assumed that one reason was that the
early-time impedance is dominated by the skin effect, and requires a more accurate treat-
ment than time-invariant parameters can provide. We note in passing that the skin-effect
impedance involves the square root of the frequency, and that PSpice can accommodate
such an impedance. However, our experience indicated that this would increase the com-
puter run time significantly, and we felt that the improvement in accuracy would not jus-
tify the additional run time and complexity.

The PSpice schematic of the circuit we used to simulate the SCB tests is shown in
Figure 7. Although we tried to use a PSpice SCR model for the SCR switch that was
used in the experiment, we found that the model did not simulate the switch closing be-
havior accurately. Instead, we employed the simple PSpice voltage-controlled switch
model shown, which provided adequate results. The 50 Q voltage instrumentation line
was included in the circuit. But the 0.01 Q CVR and its 50 Q instrumentation line were
not included; the effects of both of these were slight, compared to the effects of inaccura-
cies in the model. The resistance R_wire and inductance L_wire shown in the figure are
estimates for the lines connecting the firing set to the SCB. They were obtained by scal-
ing the corresponding parameters for 6 inches of twisted pair wire that were used, along
with 18 inches of RG-58 cable for some tests (referred to as long-cable tests below).
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However, the values of R_wire and L_wire in the circuit shown in Figure 7 (i.e., in the
short-cable tests) had little effect.

. 140 r r 140 B T
_ Legend: 1318: 19.08 ,F, 50V 1322: 10.34 4F, 90V]
< 120} __._Vexp _ b 120+ HR _ L
< E=23.9 mJ E=41.9mJ
E 100 —o—-lexp 1004
o 80t gol ) B Mo swtegesss
-
S 60 60}
s
s 40 40
S 20 20}
2
0 0 -
0 1 2 3
100, ——, . . . . 100 . . . . :
_ 1334: 3.38 yF, 50V 1335: 3.38 4F, 28V
< E=423mJ { 80} Es1.33md
s
5 60}
[4]
]
s a0l
2
o [ d Ao e
o
s
3
> 1o aegpetepessivassessssne
4 5 6
Time (us) Time (ps)

Note different time and amplitude scales

Figure 8. Results of applying the simple SCB model to four tests which dif-
fer widely in the energy E initially stored on the capacitor discharge unit
(CDU). Shot #1318 lies in an intermediate energy range, and yields “classic”
SCB behavior. Shot #1332 is in the high energy range. Note that the voltage
predicted by the model goes off the scale of the plot—up to more than 700 V.
Shots #1334 and 1335 are in the low energy range (see text). In the case of
Shot #1335, the simulation does not predict SCB burst—no matter how far
out in time the computation is extended. Note: In this figure and all those
that follow, the voltage and current data are smoothed by averaging the raw
data over 26 neighboring points at each value of time. The raw voltage and
current data (shown only in Figure 4) contain points at 1 ns intervals.

Figure 8 gives the results of simulating four different SCB tests with the simple

model discussed above. First consider Shot #1318. The agreement with experiment is

- very good, because this was the test used to derive the model. There is, however, one as-
pect to this that may not be obvious. The amplitude of the voltage spike at burst depends
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very little on the SCB model; it is dominated by the inductance L of the firing set (see
L firing set in Figure 7). Ignoring the resistance of the SCR and CVR and any wire re-

sistance, the voltage V. . measured at Point 1 in Figures 6 and 7 is given by

inst
V. =V.-L 4y 4
inst —Vc T Y dt ( )

where V. is the instantaneous capacitor voltage and I is the current in the firing set.
Given the correct R vs. E characteristic in the SCB model, when L, is adjusted so that the
amplitude of the voltage spike agrees with the experimental value, it is found that dl/dr
also coincides with the experimental data, as shown in Figure 8. (Actually, dl,/dk is rela-
tively insensitive to the choice of L,.) Since the simulation predicts V. fairly accurately,
such adjustment of L, can be used to determine L. The value 160 nH shown in Figure 7
was used for all the results given in this report. The switch resistance RON in Figure 7
does have a small effect. It was adjusted to the indicated value of 140 mQ to optimize
the firing set model.

Shot #1322 used a 10.34 pF capacitor charged to 90 V. The initial energy E is
41.9 mJ, much more than that required to vaporize the bridge. The burst time predicted
by the simulation is close to the experimental result, but the model predicts a very large
value for dI/dt, which results in a predicted voltage spike that is much too large—over
700 V. This will be discussed further below.

Shot #1334 used a 3.38 pF capacitor charged to 50 V. The initial energy is 4.23
mJ, which in this case is just two to three times more than that required to vaporize the
bridge. Again, the burst time predicted by the simulation is close to the experimental re-
sult. However, we believe that in this case, the model is at the lower end of the range of
energies for which it is useful.

Shot #1335 used a 3.38 pF capacitor charged to 28 V. The initial energy is 1.33
mJ in this case, less than the theoretical value required to vaporize the bridge. As it must,
the model predicts that the bridge will not burst (see Figure 5). Experimentally, however,
the bridge does burst; the burst time is about 5 ps. This is an extremely important result.
We believe that it is indicative of thermal feedback resulting from the ignition and burn-
ing of the explosive powder; this subject will be dealt with in the next section.

II1. Behavior and Modeling of SCB Detonators Over a Broad Range of Energies

The results of the previous section show that a straightforward application of the
methods used to model EBWs does not result in an SCB model that yields accurate re-
sults over a wide range of capacitor discharge unit (CDU) energies. In this section, we
will present experimental data over such a range and discuss the results with a view to-
ward developing a more robust model.
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Experimental Data

In Figure 9, we show the R vs. E curves for a large number of shots. All of the
data were taken with the same test configuration as for Figure 8. In all cases, the deto-
nator fired; the SCB resistance begins to increase at the time of firing.

It is clear that the resistance is far from a unique function of the energy. The tests
tend to fall roughly into three groups. (1) High-energy shots, for which the resistance
rises fairly slowly with increasing energy after encountering the initial increase signaled
by the beginning of the current drop, and rises rapidly at some higher energy; (2) Low-
energy shots, for which the resistance starts to exhibit the usual rise and fall, and then
suddenly makes a sudden rapid jump at burst; and (3) Intermediate-energy shots, which
comprise a transition region between the previous two, but exhibit behavior similar to
those at high-energy. Shot #1318, which was singled out above as exhibiting “classic”
behavior, falls in the intermediate-energy region. The designation of the grouping into
low, intermediate, and high energies applies not only to the electrical energy delivered to
the SCB leads, which is the energy variable used as the abscissa of the plot in Figure 9,
but also to the energy initially stored on the CDU. With the exception of Shot #1391 at
47.6 mJ CDU energy, all the shots to the left of #1318 (and #1317, which is identical to
#1318), have lower initial CDU energy than the 23.9 mJ of #1318. Conversely, all the
shots to the right of #1318 have higher initial CDU energy.

Another view of the data from these shots is given in Figure 10, which shows
burst times as a function of the energy at burst. This accentuates the distinction between
the low-energy and the intermediate- and high-energy regimes. The low-energy data ex-
hibits a longer time to burst, as expected, and it tends to fall on a straight line as a func-
tion of energy. In the other two energy regimes, burst time does not vary with energy
nearly as rapidly.

These results show that the simple SCB model discussed above, which is based on
a unique expression of resistance as a function of energy, cannot provide accurate results
over a wide variation of firing set parameters. We turn now to a discussion of procedures
for modeling the SCB detonators which extends the validity of the model over the indi-
cated energy ranges.

Modeling the SCB in the High-Energy Regime

Consider the high-energy data in Figure 9. The energy to burst tends to increase
as the initial voltage on the CDU is increased. Furthermore, as the voltage is increased,
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there is a stretching out of the energy required to vaporize the SCB and bring it to the
point of very rapidly increasing resistance. We believe this behavior results from an en-
ergy loss mechanism. Naturally, there are losses in the SCB—for example, there will be
ohmic losses in the leads and lands, and heat transfer from the bridge to the substrate,
lands, and explosive powder. However, we cannot say whether the apparent energy loss
is related to these particular phenomena.

8 y T T T T T T T T T

Solid symbols - First rise in resistance .
7k Open symbols - Steep rise at later time * oov
°
high-energy shots ont
(hig ay y) A 28V
6| v S0V o
e\ o
L & 70V ]
5 A /—t=8-3E m 0V ]
= .
2 4L .
®
E T
= 3L B
2 -
A4
v w v &0 o
v Lo
1L 2 AN oo -
0 . 1 L 1 . ! L | L $ N
0 1 2 3 4 5 6

Total energy delivered (mJ)

Figure 10. Burst times for data shown in Figure 9. The straight line is just
an approximate fit to the low-energy data points; its formula /=8-3F has no
known physical significance. The solid symbols identify the first rise in resis-
tance, which is defined as the burst time for the purposes of this report. The
open symbols represent a semiquantitative estimate of the energies and times
at which the resistance reaches a high value (5-7 ohms), and the R vs. E plot
acquires a steep slope. Progression from left to right at any given voltage is
roughly in order of increasing capacitance.

The fact that the loss appears to increase with CDU voltage suggests that it can be
modeled by assuming that there are loss mechanisms which are an increasing function of
voltage. Since there is no reason to believe that the loss mechanisms remember the initial
voltage that the SCB sees, the most straightforward approach is to assume that the loss is
a function of the instantaneous voltage V at the SCB leads. This suggests that the SCB
energy budget might be described by the following equation:

-19-




dEgcp
e =VI[1- 4,1,0)] ©)

where Eg.; is the instantaneous energy contained in the bridge itself, f;(V) is a function of
instantaneous SCB voltage used to define the functional form of the loss, and 4, is a
multiplicative constant used to adjust the amplitude of the loss. Since the data in Figure 9
offer no way to determine whether the loss mechanism manifests itself at low voltage, we
use a function f;(V) that is zero at low voltages. The function we chose that satisfies this
criterion and that increases as a function of voltage is shown in Figure 11. It must be em-
phasized that this choice has no physical basis. Consideration of the data simply indi-
cates that it is qualitatively plausible. (In particular, it should be noted that if heat trans-
fer from the SCB to the surroundings is responsible for the apparent energy loss, it must
be a nonlinear phenomenon, because one would expect linear heat transfer to be most ef-
fective when the time scales are long, rather than in the high-energy case when they are
short.)

2.0 ————

-5 M [] A 1 5 1 i 1 i i Py 1 A i A i A 1 5
0 10 20 30 40 50 60 70 80 90 100

V] (Volts)

Figure 11. The function f;(V) of SCB voltage which is used in the energy
loss model. It consists of two straight lines connected by a smoothed transi-
tion at the corner. Note that the absolute value of voltage is used, so that the
model does not depend on polarity.
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We adopt the point of view that shot #1318 (in the intermediate energy range) ex-
hibits something like the R vs. E behavior that one would expect from an SCB with no
losses, i.e., that the resistivity is the unique function of specific energy that one would
expect from a thermally isolated sample of the polysilicon used. This is to be regarded as
only a working supposition. There is no reason to believe that losses in Shot #1318 are
negligible. We therefore assume that the SCB resistance is given by the same tabular fit
to the R vs. E data from Shot #1318 as was used in the simple model. However, we now
integrate Eq. (5) to obtain the SCB energy, rather than simply integrating the power V7
with respect to time, as was the case in the simple model (i.e., 4; =0). From Figure 8, we
see that, in Shot #1318, the SCB voltage was approximately 35 V prior to burst. This is
the reason for the choice of 35V as the transition voltage for f,(¥); at higher voltages the

loss term will become active.

For practical purposes, it is important to note that the use of two straight lines
with a sharp corner in this model sometimes results in nonconvergence of a PSpice com-
putation. This problem was solved by including a narrow transition region to mate the
two lines at the corner. We used a circular arc extending for one volt on each side of the
35 volt transition voltage.

Given the function f;(V), we must determine the multiplicative constant 4;. We
chose to adjust 4 so as to obtain the best fit to the data from the high-energy Shot #1322,

for which the firing set capacitance was 10.34 pF and the CDU voltage was 90 V. These
parameters represent the nominal capacitance but the maximum voltage anticipated for
our applications. Hence, we will be interpolating in voltage and extrapolating to capaci-
tance values on either side of 10 uF. We found that the value 4,=0.3 gives a remarkably

good fit to the voltage and current data from Shot #1322. The results are shown in Figure
12; this data from the model with the loss term can be compared with the results of the
simple model shown in Figure 8.

There is very little difference between the lossy model and the simple model for
shot #1334, as the voltage is sufficiently low that the loss term has little effect. The re-
sults for Shot #1335 are no different at all from those shown in Figure 8, because the
voltage never reaches the transition voltage of 35 V. We see that the behavior of the
model after burst time has deteriorated somewhat for Shot #1318, but up to that point it is
still quite good. The behavior of the lossy model for shots #1334 and #1318 are similar in
that the burst times are somewhat greater than the experimental values and the voltage
spikes are reduced.

In Figures 13 and 14, we show the results of applying this model to 18 of the 20
shots shown in Figure 9. Note that this is a blind test of the model for all shots except
#1318 and #1322. It is seen that the model works best at high energies. Its performance
deteriorates at low energies, but this is expected, as nothing has been put into the model
up to this point to account for the deviation from “classic” behavior which is seen at low
energies.
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Figure 12. Results of applying the SCB model with the high-energy loss
term to selected shots. Compare these plots to those in Figure 8.

As pointed out in the caption for Figure 9, Shots 1317 and 1318, 1323 and 1336,
and 1324 and 1325 represent pairs of shots with nominally identical conditions. Note that
the degree of shot-to-shot variation can be observed in greater detail in the experimental
current and voltage data of Figures 13 and 14. It can be seen that the variation is not ex-
cessive for these shots.

Modeling the SCB in the Low-Energy Regime

We now turn to the low-energy data in Figures 9 and 10 and the upper plots in
Figure 13. As noted above, the detonators will often fire even though the initial energy
stored on the CDU is less than the energy required to completely vaporize the SCB. By
“often” we mean that they fire for a variety of capacitance and voltage values, not that
they fire unreliably for given capacitance and voltage values. Clearly, for sufficiently low .
voltage at any given capacitance, a point will be reached when they no longer fire
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reliably, or do not fire at all. But that point was not reached in the series of experiments
portrayed in Figures 13 and 14.

Another feature of the low-energy data is that, while the SCBs take longer to burst
as the energy and voltage on the CDU are decreased, they burst very suddenly when they
do burst. We are indebted to Prof. K. C. Jungling (Jungling, 1996) for pointing out that a
reasonable explanation for both these characteristics is that, as the SCB heats up and per-
haps starts to vaporize, the explosive powder ignites and burns, feeding heat back into the
SCB and completing the vaporization process in the bridge.

We developed a model based on this supposition. What follows is an outline of
the derivation of the model; a more detailed development is given in Appendix A. We
assumed that the powder will ignite after it “cooks” for some period of time and that a
quantitative description of this “cooking” is simply the thermal energy transferred from
the SCB to the powder. We assumed that the rate of heat transfer can be described by the
simple equation

dE,
dt

=hp(Tsep — Tp) ©)

where E; is the energy transferred into the powder, T is the temperature of the SCB, 7,
is the temperature of the powder, and 4, is a heat transfer coefficient. We then made the

assumption that the specific heat of the polysilicon is constant (a poor assumption), and
that the powder temperature that matters in the heat transfer equation is the temperature
of the unheated powder. Then Eq. (6) can be written

dE,
dt

= HpEgp 9

where Hj is a new heat transfer coefficient assumed to be constant.

We assumed that the powder ignites when E, reaches some fixed value E,;. The
form of Eq. (7) is such that only one independent parameter Ep;/Hp need be determined.

We then develop an equation for heat transfer back into the SCB along the lines of that
used to go from Eq. (6) to Eq. (7) and write the transfer rate as

[E SCB]IF = Hyop (Epp — Ecp) (Ep 2 Ep) @®

where Epp is a constant which is a measure of the temperature of the burning powder,
Hygcp is another heat transfer coefficient (assumed constant), and the subscript 7F on the
heating rate stands for “thermal feedback”, the term we will use to describe this process.
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Note that this is very approximate and based on rather qualitative arguments. As
noted above, this approach essentially assumes that the specific heats are constant, al-
though this is not true for polysilicon, (Martinez Tovar, 1993). The assumption that £,
/Hp, Hgp, and Epy are constants that are applicable over a wide range of conditions is
tenuous. However, because of the complexity of the processes and the number of un-
known quantities involved, we are forced to overlook these objections and to use qualita-
tive ideas to derive a workable but approximate model.

Adding the heat transfer due to thermal feedback to energy equation (5), we ob-
tain a revised model in the form

dE,

——d;Ci = VI[l -A,f; (V)] + [?SCB]TF . €)

The implementation of the complete SCB model in a PSpice library is given in Appendix
B.

The R vs. E table from Shot #1318 which was used above in the simple model and
in the lossy model does not give good results when applied with Eq. (9) to the low-energy
shots. The reason is that at early times, the SCB resistance in Shot #1318 is too low (see
Figure 15). This results in a deposition of energy in the SCB which is too rapid, so that
there is an early resistance drop and current rise in the simulation. This problem was ad-
dressed by considering three shots which range from very low energy up to the midrange
in energy (Shots #1338, #1316, and #1318). A new R vs. E table was created by drawing
the curve plotted as solid squares in Figure 15 that follows the data from #1338 at first,
then switches to #1316, then switches to #1318.

The parameters Ep;/Hp =1.9 ns, Hg-3=0.5 MHz, and Epz=10 mJ were chosen by

trial and error to obtain a reasonably good simulation of Shots #1338 and #1316. Results
from applying the model with these parameters to the all of the tests discussed previously
are shown in Figures 16 and 17. These simulations constitute a blind test of the model
except for shots #1338, #1316, #1318, and #1322. As expected, the thermal feedback
model results in a significant improvement in the agreement between simulation and ex-
periment in the first five shots (the lowest-energy shots) in Figure 16.

However, note that the model predicts a drop in voltage at the time of powder ig-
nition for Shots #1341, #1338, and #1339. The reason for this is that, at that time for
those shots, the slope of the R vs. E curve is negative. Hence, the influx of energy from
the powder results in an initial drop in resistance before the occurrence of the resistance
rise associated with burst. This sharp drop in voltage is not observed in the experimental
data from those three shots. Rather, the sharp rise in voltage is preceded by a slight and
gradual drop in voltage, some of which can be attributed to the discharge of the CDU.
This illustrates a quantitative inaccuracy of the model.
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Figure 15. Data from three shots varying from the low to intermediate en-
ergy regimes. The square symbols indicate the data used to obtain a com-
posite fit for the SCB model (see text).

The agreement between simulation and experiment in the intermediate- and high-
energy ranges in Figures 16 and 17 is not quite as good as for the model in which thermal
feedback was omitted (see Figures 12-14). The reason for this is that the new R vs. E ta-
ble (see Figure 15) does not match the experimental data as well as that obtained from
Shot #1318 alone. Still, for high energy shots, the simulation results are less sensitive to
the details of the early-time resistance behavior than are those for low energy shots.
Hence, the model which combines thermal feedback with the nonlinear energy loss does a
fairly good job over the entire data range.

The thermal feedback mechanism always causes a large voltage spike at powder
ignition. It is of interest to observe that some of the intermediate and high energy data
exhibits a late-time voltage spike that could be interpreted as powder ignition. This is
particularly noticeable in Shot #1332, but is present in some of the other shots as well.
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Tests of the Models in A Different Configuration

As a test of the models developed above, they were applied to simulations of
some shots fired with a slightly different configuration. (Because the differences are
slight, this is admittedly a relatively mild test.) Instead of the very short wires connecting
the detonator to the firing set, in these tests the connection was made with 16 inches of
RG-58 cable plus 6 inches of 22 gauge twisted pair wires (see the first four entries in Ta-
ble I). This amount of additional connecting hardware makes a difference in shots fired
at intermediate and high energy, in which the time scales are relatively short. However, it
does not make a significant difference in shots fired at low energy, where the time scales
are long and cable inductance is not so important.

100 v T Y T v T ¥ T ¥ T
P a—#1281
80 | __..#204 -
Z 60 L -n= Simulation i
g’ . d
g 40 |
S 20|
0 1 L ] ] 1
0 1 2 3 4 5 6
80 L 1 ] ] 1
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£ 40L .
[+
: I bk ~,
S 20} il kY o
& < ) \‘ .
0 { 1 1 1 A
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Time (us)

Figure 18. Simulation results using the lossy model without thermal feed-
back and experimental data from Shots #1281 and #1294. These tests were
carried out with a capacitance of 9.57 puF and a CDU voltage of 28 V. The
CDU energy E, is 3.57 mJ. The detonator was connected to the firing set
with 16 inches of RG-58 cable plus 6 inches of 22 gauge twisted pair wires.
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Figure 18 shows data from two nominally identical low-energy shots and a simu-

lation made with the lossy model without thermal feedback. Note that significant shot-to-

- shot variation in the experimental data is seen—of the order of a microsecond difference

in burst time. But in the absence of thermal feedback, the simulation does not predict

burst at a time comparable to that of either of the two experiments. What is seen instead is
a rather weak drop in current one or two microseconds later.

Figure 19 shows the same data with a simulation which includes thermal feedback
(in addition to the nonlinear loss term, just as in the simulations discussed in the previous
subsection). The simulation now predicts a burst time at about that of one of the shots
(#1294). Data from the comparable shot #1316 made with the short connection from fir-
ing set to detonator is shown for comparison. It is seen that its burst time falls between
the two; the extra cabling has little effect. '
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Figure 19. Simulation results using the lossy model with thermal feedback

. and experimental data from Shots #1281 and #1294 (see Figure 18). Data
from Shot #1316 (using short connecting wires and a capacitance of 10.38 uF,
with E = 4.07mJ) is given for comparison.
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Figure 20 shows data from two nominally identical intermediate energy shots,
with a simulation made with the lossy model without thermal feedback. Again, signifi-
cant shot-to-shot variation in the experimental data is seen. Data from the comparable
shot #1318 made with the short connection from firing set to detonator is shown for com-
parison. In this case, the extra cabling does affect the results—burst appears ahead of the
long-cable data and the simulation. The addition of thermal feedback would not change
the simulation results significantly, except for a sharp voltage spike appearing well after
burst—see Shot #1318 in Figure 16.
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Figure 20. Simulation results using the lossy model with thermal feedback
and experimental data from Shots #1299 and #1300. These tests were carried
out with a capacitance of 19.08 uF and a CDU voltage of S0 V. The CDU en-
ergy E, is 23.9 mJ. As for Shots #1281 and #1294, the detonator was con-
nected to the firing set with 16 inches of RG-58 cable and 6 inches of 22

gauge twisted pair wires. Data from Shot #1318 (using short connecting
wires, otherwise the same) is given for comparison.




IV. Conclusion

Data from detonators using semiconductor bridges as initiators and BNCP as the
explosive powder have been presented. The data show that these SCB/BNCP detonators
can be electrically characterized by assuming that their resistance is a function of the en-
ergy deposited in the bridge, but only after accounting for an energy loss and the feed-
back of thermal energy from the burning explosive powder.

The energy loss is only apparent in the data; it has not been positively identified
as originating from any particular mechanisms. It appears to be a nonlinear function of
the voltage across the SCB terminals and is important only at the higher voltage levels of
SCB operation. One of the SCB models used in this report, referred to as the lossy
model, uses a specification of the resistance as a function of SCB energy, with the energy
budget determined by subtracting an empirically derived nonlinear loss term from the
electrical power flowing into the SCB terminals.

The thermal feedback mechanism is most important at the lower levels of energy
stored in the CDU. A model for it is derived from some very approximate arguments for
heat transfer, first to heat the powder to the point of ignition, and then to include the
transfer of thermal energy back into the SCB in the SCB energy budget. The addition of
this mechanism to the lossy model results in an overall model referred to as the thermal
feedback model. In this model, it was found useful to modify the resistance versus en-
ergy profile to reflect the slightly different behavior observed at low and high voltage
levels.

Our recommendation is to use the lossy model without thermal feedback for
simulations of detonator systems for which operation is clearly in the high energy range.
But the thermal feedback model with the revised R vs. E table should be employed in any
simulation in which the energy supplied to the detonator is considered to be marginally
sufficient for firing. This use of different models in different voltage/energy regimes has
a precedent in the simulation of systems employing EBWs, where different models are
used depending on the current expected at burst.

The models derived here have been shown to give useful results when applied to
simulations of various detonator experiments. However, the models should be subjected
to more extensive tests in simulations of more complex practical explosive systems to
better define their limitations and to provide data for their improvement.
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Appendix A

In this appendix, we provide details of the derivation of Equations (7) and (8) for
the thermal feedback mechanism. We assume that prior to powder ignition, the rate of
heat transfer from the SCB to the powder can be described by the equation

dE,
dt

=hp(Tyep — 1p) 6)

where £, is the energy transferred into the powder, %, is a heat transfer coefficient, Tg.p
is the temperature of the SCB, and 7 is the temperature of the unheated powder (a con-
stant). If the specific heat ¢ of the polysilicon is constant, the SCB energy is

Egep = csTgep + E.gCB (A-1)

where L%, is a constant which can be chosen arbitrarily, since the zero point of SCB en-

ergy is irrelevant. (Note: We could just as easily consider only the change in SCB en-
ergy AEg-p and eliminate E0., from the derivation. We have chosen the present ap-

proach simply because it seems natural to think of ignition at a certain energy level, viz.,
the value Ej; introduced below.) Defining a new heat transfer coefficient Hp=h,/cg and

making the choice

E.gCB =—csT, (A-2)
Equation (6) becomes

dE

dt" =H,Eqp- _ @)

Now assume that the powder ignites when E, reaches some fixed value Ep;. Let
the time at which this occurs be denoted #,,. It can be determined by integrating Equation
(7) from =0 to = tp,. If H, is assumed constant,

E 1py
—I-{’i- = [Egp(tnar (A-3)

0

Note that only one independent parameter E,;/H, need be defined to obtain 7.

We now develop an equation for the heat transfer back into the SCB along the
lines of that used to go from Eq. (6) to Eq. (7). The first step is to write the transfer rate
as
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I:E 5CB ]TF = hgcp (Tpp — Tcp) - (A4

Eqp—E2
=hSCBI'TP —(_—, SCB - SCB]]

h
= ZEB [CSTPB + Egep = Esca] (A-5)

where hg-p is a new heat transfer coefficient and T, is the temperature of the burning
powder. Consistent with our previous crude approximations, we assume that %, and Tpy
are constants. It is to be understood that Equation (A-4) applies only after ¢ > ¢, Since
Egcp is always positive, this is the same as E, > Ep;. Defining another heat transfer coef-
ficient Hgep=hgop/ cg and a “burning powder energy” parameter

Epp =c5Tpp + Egcs (A-6)

we obtain the desired formula

I:I:ISCBLF = Hyey(Epp ~ Ecp) (Ep2Ep). ®
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Appendix B

The following is a netlist of a PSpice subcircuit for the SCB model (an asterisk in
the first column denotes a comment in PSpice).

s e s o s e sk ok ok ot e sl s ok e s e o o ke s o ok o o o e ok ok ok ok ok e s ok o o o ofe st ok oo ok ok o s o ok ok ok o o ke o ok o o ok o ok o o s ok e o e ke s ke ok
s sk ok ot sk ot ok o e sk sk st ok sk sk sk o o st sk ok o sk ot ke ok ook ook ke stk sk ok skedok skokok ok sk skokok ok sk ok ok kb ok ksl ok kosk sk sk ek

This is the SCB model which implements both the nonlinear loss term and the thermal
feedback model. It is intended for use only for detonators using SCBs of type 3-2b1+
with BNCP explosive powder pressed into TO46/Brass shells at 25 kpsi.

* ¥ ¥

*

Aloss is the loss coefficient 4;, deltal is the size of the loss function transition
* region in Volts,VOI is the SCB voltage at the transition region, EpioHp= Ep; / Hp,
Hscb=Hp, Epb=Ep;.

*

.Subckt SCB_LE 1 2 Params:
+ Aloss=0.3 deltal=1.0 V0I=35.0
+ EpioHp=1.9n Hscb=0.5Meg Epb=0.01

* Vmon is just a current monitor. The SCB current / is I(Vmon).
Vmon150

* V(101) is the energy Eq-5 contained within the SCB itself. It is obtained by combining

* the sources and losses described below and integrating the result. (The sources and
* losses are represented as current sources charging or discharging a unit capacitance.)

* Gpower is the electrical power V1 delivered to the det leads. Some of this energy is
* deposited in the semiconductor material (V(101)) and some is lost through Gloss.

Gpower 0 101 Value = {IF(TIME <.1p, 0, [(Vmon) * V(5,2)) }

* Gloss is thermal energy lost to the substrate, aluminum lands, explosive powder,
etc. via the 4; f;(V) term in Equation (5). Note minus sign in front of Aloss denoting

loss.

*

*

*

The third line in the formula for Gloss is the value of the loss function £, (V) for SCB

* voltages between V0I-deltal and VOl+deltal. It is evaluated on a circular arc in
(£,V/V0}) space.

*

Gloss 0 101 Value = {IF(TIME < .1p, 0, -Aloss*IF(V(202) < V0l-deltal, 0.0,
+IF(V(202) > VOl+deltal, V(202)/V0I-1.0,
+ (3.*deltal-sqrt(9.*deltal*deltal-(V(202) -VOl+deltal)*(V(202) -V0l+deltal)))/VOl
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+))
+ *I(Vmon)*V(1,2)

+)}

* Eabs is the absolute value of the voltage at the SCB input leads. A separate voltage
* source is used to evaluate it only to avoid repetition of the term abs(V(1,2)) in Gloss. .
* Rabs is just a resistor to complete the circuit.

Eabs 202 0 Value={abs(V(1,2))}
Rabs 0202 1.0T

* Gpwdr is the rate at which energy is fed back into the SCB by the powder (see
* Equation (8). Note that V(201) is the integral of Gignit.

Gpwdr 0 101 Value = {IF(TIME <.1p, 0,
+ IF(V(201) > EpioHp, Hscb*(Epb-V(101)) , 0)
+)}

* Cenergy is the unit capacitance used to integrate the power to obtain energy deposited
* in the SCB. Renergy is just a leakage resistor.

Cenergy 10101
Renergy 101 0 1E12

* V(201) is a marker used to determine if the powder has ignited.

* Gignit is the source for the ignition marker. It is equal to the SCB energy Egcp, so
* V(201) is the integral of energy vs time (see Equation (A-3)).

Gignit 0 201 Value = { IF(TIME <.1p, 0, V(101))}

* Cignit is the unit capacitance used to integrate to obtain the time at ignition. Rignit is
* just a leakage resistor.

Cignit 201 0 1
Rignit 201 0 1E12

* Edet is a voltage source which provides the proper voltage V across the SCB. It is
* equal to the SCB current 7 times the SCB resistance R.

Edet 5 2 Value = { I(Vmon) * V(301) }

* Eres is the SCB resistance R evaluated from the table of R vs Egcp values.
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Eres 301 0 TABLE { V(101) }
+(-1000,  5.06129)
‘ +(1.25E-6, 5.06129)
+(2.5E-6,  3.95649)
+(3.75E-6, 3.47432)
+ (SE-6, 3.08165)
+(6.25E-6, 2.86042)
+(7.5E-6,  2.74148)
+(8.75E-6, 2.62254)
+ (1E-5, 2.50361)
+ (2.0833E-5, 1.58496)

[Most of the entries in the table are not shown in the interest of brevity. Note that a dif-
ferent table was used for the thermal feedback model than was used for the lossy model
alone. This was due to differences in the R vs E behavior of the SCBs at different energy
levels (see main text).]

+(0.0024,  3.52311)
+(0.00242, 3.88895)
+(0.00244, 4.34531)
+(0.00246, 4.84931)
+(0.00248,  5.75775)
+(0.0025,  6.69085)
+(0.002505, 9.00297)
+(0.002510, 10.48473)

.Ends
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1 Robert W. Ingham

. Teledyne McCormic Selph
3601 Union Road
P.O.Box 6
’ Hollister, CA 95024-006
1 R. W. Davis, LLNL, L-281
1 R.S. Lee, LLNL, L-281
1 MS 0311 J. W. Hole, 2671
1 MS 0328 J. A. Wilder, 2674
1 MS 0457 J. S. Rottler, 2001
1 MS 0481 M. M. Harcourt, 2167
1 MS 0481 M. A. Rosenthal, 2167
1 MS 0481 D. L. Thomas, 2167
4 MS 0486 S. S. Kawka, 2123
1 MS 0525 C. W. Bogdan, 1252
1 MS 0525 M. F. Deveney, 1252
1 MS 0525 P. V. Plunkett, 1252
1 MS 0953 W. E. Alzheimer, 1500
1 MS 0985 J. H. Stichman, 2600
10 MS 1453 R. W. Bickes, Jr. 1553
1 MS 1453 F. H. Braaten, Jr., 1553
1 MS 1453 M. C. Grubelich, 1553
1 MS 1453 S. M. Harris, 1553
1 MS 1453 G. R. Peevy, 1553
1 MS 1454 D. E. Wackerbarth, 1553
1 MS 1454 L. L. Bonzon, 1554
1 MS 1454 W. W. Tarbell, 1554
1 MS 0328 J. H. Weinlein, 2674
1 MS 9004 M. E. John, 8100
3 MS 9202 R. L. Bierbaum, 8116
1 MS 9202 H.-T. Chang, 8116
1 MS 9202 C. M. Furnberg, 8116
20 MS 9202 K. D. Marx, 8116
1 MS 9202 D. S. Post, 8116
1 MS 9202 J. F. Stamps, 8116
1 MS 9101 R.I. Eastin, 8411
1 MS 9101 K. R. Hughes, 8411
{ 3 MS 9106 R. E. Oetken, 8417
1 MS 9106 J. L. Van De Vreugde, 8417
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