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Abstract
 The purpose of this discussion is to
indicate the threshold values for low-order
detonator response by using first principles
applied to pin-to-pin configurations and
associated limits in pin-to-case scenarios. In
addition an attempt to define the electrical
environment by first principles is shown to
be inadequate and indicates the need to
define the electrical insult by reasonable
standards. A comparison of two accepted
electrical models and a combination of the
extreme reported levels from both standards
are used to establish an extreme set of
parameters for a safety assessment. A
simplification of the critical electrical insult
parameters is then shown and demonstrated
to provide the initial screening protocol with
easily defined electrical dimensions of
action integral. Action integral and the
conductive material properties are the basic
parameters needed to define the solid, liquid,
and gas phases of the material used for
detonator bridge wires. The resulting
material phases are directly related to
detonator response thresholds. The
discussion concludes by showing the ability
of ESD insults to arc from pin-to-case, the
limited knowledge of the associated arc
initiation process, and the modeling need for
a reasonable arc resistance in pin-to-case
scenarios.

Background
 Recent safety studies have highlighted
the need to quantify detonator response to

low-level unintentional electrical
environments. These electrical environments
include sources of electrostatic discharge
(ESD) which are further divided into two
general categories: human ESD (HESD) or
personnel ESD (PESD) and furniture ESD
(FESD) or tool ESD (TESD).
 The following discussion analyzes a case
study to establish reasonable upper bounds
(RUBs) for these electrostatic environments
and related critical parameters, such as the
action integral, of a typical detonator. Action
integral is basically the non-dissipative
energy from an electrical source or the
energy divided by the resistance (E/R)
having units of ampere-squared•seconds
(A2s). The detonator used in this case study
consists of a gold fuse, or bridge wire (BW),
and a pentaerythritoltetranitrate (PETN)-
type high explosive (HE). First-principle
calculations of the detonator response to
specific environments are used to derive the
average fuse response level for the action
integrals needed to achieve the thresholds
for PETN melt, fuse melt, and fuse
vaporization. A population of the response is
then calculated by assuming a normal
distribution with a typical standard
deviation. Mapping the associated action
integral of the environmental insults onto the
developed response curves indicates the
possible detonator response.
 Evaluating the unintentional DC and AC
electrical environments goes beyond the
scope of this discussion and as such is
covered in other documentation.
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Introduction
 HE detonators are intuitively considered
to be susceptible to unintentional voltage
environments. The most severe response is
detonation. Lower-level responses are also
of interest and include melting, burning, or
deflagration of the HE. The two possible
attachments discussed are pin-to-pin and
pin-to-case. The focus of this discussion is
primarily the response of detonators from
pin-to-pin insults and does not infer the
same response in a pin-to-case attachment.
 When HE is used in a detonator
configuration that, as in this case study, has
an exploding bridge wire (EBW) as the fuse,
or initiator, other detonator responses that
are less violent than detonation may occur.
In addition, the detonator fuse current
parameters must meet or exceed critical
levels to ensure detonation. Values below
the detonation threshold may produce a
response of concern other than detonation.
Such responses include significant fuse
heating, HE melting, HE deflagration, fuse
melting, and fuse vaporization.
 A critical aspect of assessing the
detonator response is defining the
environment. The initial environment of
interest involves ESDs. To establish the
RUB for this type of environment, or threat,
the naturally occurring limits and voltage-
developing processes are examined. The
resulting bounds are then used to justify the
definition of an extreme environment. After
establishing a threat, a set of parameters
defining a reasonable detonator, or victim, is
used to project the low-level response. This
projection is based on a reasonable
population distribution for each of the
insults used to define a low-level response.
The remaining environments are then
similarly defined, and corresponding
responses are projected. Insult mitigation is
then proposed based on the established
coupling to the victim.

The Electrostatic Environment
 We have all experienced the effects of
electrostatics. For example, walking across
carpets, removing clothes from dryers, and
rubbing dissimilar materials together can
sometimes cause one’s hair to prickle. This
effect is the direct result of a charge being
transferred between two dissimilar materials
when separated after contact. This type of
charge transfer is known as
triboelectrification. The amount of charge
transfer (Q) from one material to the other
during contact is directly related to the
difference between the work functions of the
two materials.1 A simple view of the
relationship can be written (Eq. 1) and can
also be expanded to a more fundamental
relationship (Eq. 2).2

 Q1 = k (φ1 – φ2) (1)

 Q2 = C × V = C (φ1 – φ2) e–1 (2)

 where:
 Q1 and Q2 = charge or ampere-seconds (A•s),
 k = constant,
 φ1 = work function of material 1 (eV),
 φ2 = work function of material 2 (eV),
 C = capacitance between surfaces,
 V = voltage, and
 e = electric charge (1.60203E–19 C).

 Each material’s work function, or the
ease at which the material gives up an
electron, determines the material’s resulting
polarity. The material with the greater work
function will have a resulting negative
polarity in relation to the second material,
which acts as the electron source material.
Table 1 lists some commonly used materials
of interest and their corresponding work
functions.1,3

 The charge transfer occurs during
contact at distances on the order of 0.4 nm
and continues until the materials are
separated by a distance of approximately
1 nm.1,2 Charge transfer occurs between
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dissimilar materials, including metal-to-
metal, metal-to-dielectric, and dielectric-to-
dielectric, during contact/separation events.
The theoretical triboelectrification level (Eq.
2), which is based on the Fermi level,
applies to a single contact/separation. As
would be expected, multiple contacts and
separations increase the total amount of
charge transferred. A limit to the charging
process has been demonstrated
experimentally, thereby providing an
empirically derived constant k = 6E–8.2 For
example, if the material parameters
associated with U and PTFE, as given in
Table 1, have a nominal charge transfer Q of
18E–8 C, then the plastic will have a
negative voltage in relation to the metal.

 The prickling effect that we sometimes
experience is a result of the electrostatic
voltage that has built up in a representative
capacitance by triboelectrification (Eq. 3).

 V = Q × C –1 (3)

 As the cumulative charge of the capacitor
increases, the ESD voltage reaches a corona,
or partial discharge inception level, which is
a limiting factor of triboelectrification.
Corona activity occurs when the field stress
(E) exceeds the strength of the surrounding
dielectric media. For the case study
discussed in this paper, the environment is
assumed to be air. The strength of air is
given by Paschen’s law for uniform fields
and can be solved when d = 1 cm for a
maximum field stress (Emax) of 30 kV/cm by
using Eq. 4.4 (Note that the cited equation
does not include the limiting factor of
humidity. Slight increases in
triboelectrification are observed at low
humidity.2)
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 where:
 Emax = maximum field stress (kV/cm),
 V = voltage (kV),
 p = pressure (Torr),
 T = temperature (K), and
 d = separation distance between electrodes (

 Before corona activity occurs, anothe
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Table 1. Commonly used materials and their
measured work functions.

Material Work function
experimental value

φ (eV)
Metals

aluminum (Al) 4.28

gold (Au) 5.1

carbon (C) 5.0

copper (Cu) 4.65

nickel (Ni) 5.15

uranium (U) 3.63

Plastics
polytetrafluoroethylene

(PTFE)
6.71

polycarbonate
(Lexcan)

3.85

pyrex 4.84

quartz 4.87

nylon 4.71

acrylic 4.3
ion
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dielectric/dielectric, a significant increase in
the surface resistance of dielectrics accounts
for the increase in the residual charge after
separation. When the tunneling process
stops (when the separation distance equals
approximately 1 nm), air breakdown
continues to discharge the separating
materials. The air arcing limiting factor
continues until the Emax falls below the
intrinsic strength of the surrounding
dielectric media, in this case, air. The speed
of the separation can then be seen as one
factor contributing to the residual charge
between the two dissimilar materials. A fast
separation provides for a higher residual
charge transfer than in a gradual separation.
During a gradual separation, the tunneling
process is extended, thereby increasing the
back-flow time and allowing the corona
activity to initiate at distances away from the
still contacted point. This prolongs the time
spent in the corona discharge phase.
 Even though a fundamental
understanding of the triboelectrification
process can be used to bound the charge
transfer during contact/separation, the
electrical environment of concern has not
been adequately defined. However,
understanding the charging of a subject, or
source, and the discharging process to a
target, or victim, can assist researchers in
maximizing efforts to mitigate possible
adverse environments and responses. An
alternate and preferred method of defining
the threat is by using an electrical-equivalent
circuit. Using the models accepted by the
ESD community, it is possible to establish a
RUB based on the appropriate extreme
parameter. The parameters of capacitance
and voltage associated with this view show
that a conductive charge distribution
accounts for the significant charge stored in
the severe or extreme PESD environment.
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The Personnel Electrostatic Environment
 The initial ESD environment of concern
in this case study is human or personnel
(HESD or PESD). This environment is a
common unintentional environment of
concern in the HE community and has
widely accepted controls in place to mitigate
adverse response. Most of the work
involving HE detonators has shown that
EBW and slapper detonators are insensitive
to severe PESD types of insults relating to
detonation. However, lower levels of
detonator response have not been heavily
investigated. For analysis purposes, two
similar electrical-equivalent models are
available to estimate the ESD environment.
To reflect the conservative philosophy
applied to risk assessment, this case study
will compare the severity of each model as it
relates to the extreme parameters associated
with the appropriate environment.
 The model used for most DOE
assessments is the Fisher model and is
shown in Figure 1.5 An alternate model, the
IEEE STD 62.47 1998, is more commonly
used for assessment in the ESD community
and is shown in Figure 2.6 The two circuit
representations have obvious similarities but
differ in a critical parameter of interest, the
action integral, as shown in Table 2. Both
circuit representations have dual tank

circuits. The initial tank circuit represents
the body as designated by capacitance,
inductance, and resistance values
respectively of Cb, Lb, and Rb as shown in
Figure 2. The second tank circuit similarly
represents the hand shown in Figure 2 as Ch,
Lh, and Rh. The values associated with each
discrete component have the same ranges, as
shown in Table 2. The reason for the action
integral difference can be traced to the
greater series resistance in the Fisher model
when compared to the IEEE model. A
further reduction in the insult will result
when the victim impedance (Rl) is increased.

Figure 1. The electrical circuit used to describe the Fisher ESD environment provides a justifiable
human model (HESD).

Cb

Lb Rb

Ch

Lh Rh

Rl

Sw

Cb

Rh

Lh

Ch

Rl

Rb SwLb

Figure 2. The IEEE PESD and FESD model, as
shown above, provides a higher threat level than the
Fisher HESD model.
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 A common parameter for both models is
a voltage level of 25 kV for a severe
environment. In keeping with the DOE
philosophy of using extreme levels when
reasonably possible, this case study uses a
voltage threat level of 40 kV as the RUB,
based on the reported measured level in
reference 7. For the purpose of this
discussion severe ESD and extreme ESD
sources will refer to 25 and 40 kV source
potentials respectively. The circuit,
however, will be in the IEEE configuration
with the highest energy storage components
and the lowest source impedance values,
thereby providing an extreme ESD
environment for use as a screening tool.
 Slight variances in the relative location
of the distributed inductance and resistance
elements are used in this case study. The

solution of the action integral remains the
same, and the relationship of the inductance
to capacitance is more readily seen when
defining the source complex impedance
[(L/C)0.5]. Both models can also be used to
describe the FESD with appropriate values.
The dominant electrical parameter that
determines the severity of the insult is the
combined resistance of the source and
victim.
 A comparison of the two models used to
define the PESD environment at the extreme
voltage level of 40 kV clearly indicates that
the IEEE model provides the harsher insult.
Figures 3, 4, and 5 show the calculated
results for the current and action integral for
the Fisher and IEEE models (shown in
Figures 1 and 2, respectively) discharged
into a 10-mΩ resistive load (Rl). A
representative EBW at 25°C will start with
Rl = 13 mΩ and will increase in resistance to
levels of 2 to 5 Ω at burst time. For the
initial assessment a 10-mΩ resistance is
used with the understanding that as the
resistance value increases during current
conduction a decrease in the action integral
is anticipated from low resistance sources.
As anticipated, the current and action
integral are higher for the IEEE model than
for the Fisher model. The values used for the
circuit simulation are given in parentheses
for each related component in Table 2.
Table 2 also summarizes the associated
action integral for each model and shows
that the insult from the extreme IEEE PESD
environment is higher than the insult from
the extreme Fisher HESD model by a factor
of 2.4.

Table 2. The range of values for each element that defines
the HESD and PESD (the values used in this case study are
shown in parentheses).

Component or
parameter

Fisher (HESD) IEEE 62.47
(PESD)

Body
capacitance (Cb)

60 to 300 pF
(300 pF)

60 to 300 pF
(300 pF)

Body inductance
(Lb)

0.5 to 2 µH
(0.5 µH)

0.5 to 2 µH
(0.5 µH)

Body resistance
(Rb)

150 to 1500 Ω
(250 Ω)

150 to 1500 Ω
(150 Ω)

Hand
capacitance (Ch)

3 to 10 pF
(10 pF)

3 to 10 pF
(10 pF)

Hand inductance
(Lh)

0.05 to 0.2 µH
(0.1 µH)

0.05 to 0.2 µH
(0.05 µH)

Hand resistance
(Rh)

20 to 200 Ω
(110 Ω)

20 to 200 Ω
(20 Ω)

Switch (Sw) Undefined

Load (Rl) Given as a short

Severe action
integral
(25 kV)

2.6 E–04 A2•s
(94 mJ)

6.2 E–04 A2•s
(94 mJ)

Extreme action
integral
(40 kV)

6.6 E–04 A2•s
(240 mJ)

1.6 E–03 A2•s
(240 mJ)
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 IEEE 62.47 indicates ranges for the
values associated with PESD and FESD.
The selected values may not occur
coincidentally but are considered by the
standard to be representative of a reasonable
ESD environment.
 The trend in the DOE community has
been to use an extreme electrical
environment when defining a RUB.
Experimental efforts12,13 have shown that
HESD-type environments are not a concern
for our most sensitive detonator of interest.
As a result, in work with detonator systems,
ESD-type environments less severe than
HESD have been screened as below the
level of concern. The discussion continues
with how the experimental evidence and the
IEEE PESD environmental insult map onto
the EBW population.
0

0.0005

0.001

0.0015

0.002

0 0.2 0.4 0.6 0.8 1.0

Time (µs)

Action
integral
(A2

•s)

IEEE

Fisher

Figure 5. The corresponding action integrals of the IEEE
and Fisher ESD show the anticipated difference between
the two models, with the IEEE insult being higher than the
Fisher insult by a factor of 2.4.
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Figure 4. The computational current profile of an IEEE
HESD insult imposed on a 10-mΩ EBW indicates a
damped insult.
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The Detonator as a Victim of Interest
 For the purposes of this discussion, a
typical EBW detonator, conceptually shown
in Figure 6, was selected as a candidate for
projecting the low-level response to these
environments. The intrinsic material
characteristics needed for calculating the
responses are the temperatures at which the
explosive melts, the explosive burns, the
BW melts, and the BW boils or vaporizes.
Even though the exact material parameters
of various types of detonators are obviously
different, low-level response projections
appear possible using slightly modified
parameters to reflect the appropriate unit.
 The detonator used for this discussion
consists of a PETN explosive device having
an initial pressing density of 50%, a gold
0.020-in. long, 0.0015-in. diameter BW, and
encapsulated or pressed in a cylindrical
aluminum case. The BW is centrally
mounted on a 0.5-in. diameter dielectric
substrate. The component or victim is
commercially available from RISI a
subsidiary of Reynolds Industries
Incorporated as an RP-1 EBW detonator.
 PETN has an intrinsic density of 1.76
g/cm3; a melting point of 141.3°C; and a
burn, or temperature at which the material
becomes exothermic, of 180°C.8,9 In
addition, a reasonable manufacturing
process for this type of detonator exhibits a
population range of standard deviations
between 10 and 12% from the average
detonator response.

Additional Requirements of Detonation
The critical part of the response

assessment includes three independent
occurring detonator parameters that are
required for detonation. Table 3 provides the
accepted threshold levels for typical PETN
detonators. Since this discussion is tailored
to a low-level response, the exact level or
threshold for detonation is not an issue,
other than being generally accepted to be

higher than the vaporization level indicated
in Figures 10 and 11. The level of action
integral needed for detonation is also
specific to the detonator type. However, the
additional critical parameters empirically
found to be part of the integral detonation
threshold of a typical PETN detonator are
met when the current at burst time (IB) is
greater than 200 A and when all conditions
occur within 5 µs. The three parameters
required for detonation are used to set the
initial ceiling for low-level response
projections. (Higher levels indicate possible
detonation.) Levels that are close are given
additional considerations and a tighter
review.
Table 3. The detonation threshold parameters for
typical PETN-type detonators are used as indicators
to establish the ceiling for low-level response
projections.

Threshold parameter Value

Action integral (A2•s) Detonator-specific

Current at burst time (IB) >200 A

Time to burst (It) <5 µs

 

 Figure 6. The victim of interest is a 1-in. long
cylindrical, 0.5-in. diameter, PETN, EBW-type
detonator. The header and EBW are shown in an
expanded view to the right.
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 Pin-to-Pin Response
 The next step in projecting a low-level
response of a detonator is to use the
parameters of its basic material constituents
to calculate the theoretical thresholds of
interest. In this case study, the common
parameter is the action integral given in
units of A2•s. The previously described BW
is used to project the victim response. The
threshold calculations are then by the
following relationship15 made to indicate the
point at which the EBW reaches 140°C,
melts at 1064°C, and vaporizes at 3080°C.

 The EBW responses listed in Table 4 are
assumed to be the single-point calculations
encompassing approximately 50% of the
population. Allowing the typical standard
deviation of 10% for manufactured products,
a normal density distribution can be derived
to indicate the population for the material
response of interest. A reasonable
approximation of a normal distribution is
given in Eq. 5.10,11

 F(x) is the probability density function that
provides the relative height of a normal
distribution in units of sigma (σ), or
standard deviation, from the average (µ) of
the population. The integral ∫F(dx), or area
under the curve, is then representative of the

entire population and as such has an area of
1. The vertical axis, F(x), in Figures 7 and 8
is scaled to a normal distribution function
(Eq. 5) with µ = 0 and sigma (σ) = 1. The
scaling results in the same peak value for all
distributions, hence emphasizing their
spreads for illustrative purposes.
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Table 4. The calculated action integral values to achieve
the associated responses at an ambient temperature of
20°C.

Action integral
(A2•s)

EBW threshold
(°C)

0.013 140

0.058 1064 (melts)

0.093 3080 (vaporizes)

( )
∫

∆+
=∆ dtI

cDA
T

T 2
2

20 12389.0 λρ

where:

∆T = increase in temperature (oC) from 20oC
I = Amperes
t = seconds
c = specific heat (cal/g/oC)
D = specific gravity [density] (g/cm3)
ρ20 = resistivity (Ω•cm)
A = cross-sectional area (cm2)
λ = temperature coefficient of resistance (1/oC)

(5)F(x) = σ 2π( )−1
exp −

x − µ( )2
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Figure 7. An extreme PESD does not deliver
sufficient action integral to achieve the PETN
melting temperature of 140°C from the EBW.
r dissemination unlimited
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Table 2 indicates that the extreme PESD
evel is nominally 12% of the action integral
eeded to increase the temperature of the
BW to 140°C from the ambient

emperature of 20°C. When the extreme
ESD level is mapped over the distribution
f the calculated response for the initial
BW response, as shown in Figure 7, it
ecomes obvious that this insult is not an
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issue or concern for the EBW-type detonator
used in this case study.

 Extending the calculation to –7 σ results
in a projection that <8E–12 of the
population would have a threshold level
sufficient to cause the EBW to reach a
temperature level of 140°C, the melting
temperature of PETN. Experimental results
investigating the PESD environment to
EBW-type detonators have shown that the
high-order response of detonation is not
possible.12,13 As a result, the fundamental
analysis and experimental evidence
demonstrate that the extreme PESD
environmental insult to this victim is not a
concern and therefore screenable.
Furthermore, insult parameters that do not
exceed the extreme PESD action integral are
subsumed in the victim response to PESD
and are likewise screenable.
 The approach established to create a
population distribution for a specific
response of a victim can now be used to
assess the remaining areas of concern. By
using single-point calculations, similar
distributions are generated for both the
melting and vaporization phases of the EBW
and are shown in Figure 8. The standard
deviation for each characteristic is assumed
to be 10%, and the mean levels are assumed
to be the values listed in Table 4.

 The obvious increase in the associated
thresholds for the different low-level effects
is illustrated in Figure 8. The projected
responses also indicate an overlap of the
population between the EBW melting and
vaporization phases. A projection of the
remaining unintentional electrical
environments to the three low-level
responses continues with the FESD threat.

0

0.1

0.2

0.3

0.4

0.5

0 0.05 0.1 0.15
Action integral (A2

•s)

F(x)

PETN melts (140°C)

BW melts (1064°C)

BW vaporizes (3080°C)

Figure 8. The two remaining response levels of the
EBW are the melting and vaporization points.
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The Furniture or Tooling Electrostatic
Environment
 The IEEE standard 62.47 for the FESD
environment, as schematically represented
in Figure 2, also represents the furniture
electrostatic environment and for this
discussion is considered to be extreme when
40 kV is used as the source potential. One
can then repeat the calculations to model the
insult to the victim and project a reasonable
response from the population of EBW-type
detonators. The significant difference
between the PESD and FESD is the lower
current-limiting resistance for the FESD-
equivalent circuit. The lower resistance
value shows a definite increase in action
integral even though the primary stored
energy is the same. Table 5 shows the
comparison values used to represent the
conservative extreme electrostatic
environments. Additional differences in the
insult provided by the two ESD
environments are shown in Figures 9 and 10.
Figure 9 shows the computational current
profile of an extreme FESD environment
imposed on a 10-mΩ victim, and Figure 10
shows the calculated action integral.

 A comparison of the computational
FESD to the PESD model as it relates to the
reduced series-limiting components in the
two environments is illustrated by the results
of the circuit analysis shown in Figures 9
and 4. The initial FESD peak current of
4000 A is 20 times the PESD/RUB current

integral (40 kV)
(240 mJ)
–3
–2
–1

0
1
2
3
4
5

 0 0.1 0.2 0.3 0.4
Time (µs)

Current
(kA)

FESD RUB

Figure 9. The computational current profile of an
extreme FESD insult imposed on a 10-mΩ EBW
indicates an underdamped insult.
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Time (µs)

0.15

0.1

0.05

Action
integral
(A2

•s)

FESD

PESD

Average BW
vaporizes (3080°C)

Average BW melts
(1064°C)

Average BW
reaches 140°C

Figure 10. Unlike the PESD, the corresponding action
integral of the extreme FESD has been calculated to
levels that indicate a possible level of concern for the
same victim.
Table 5. A range of parameters that is used to define the
electrostatic environments (the values used for each
extreme electrostatic environment are indicated in
parentheses).

Component or
parameter

IEEE 62.47
PESD

IEEE 62.47
FESD

Body capacitance
(Cb)

60 to 300 pF
(300 pF)

60 to 300 pF
(300 pF)

Body inductance
(Lb)

0.5 to 2 µH
(0.5 µH)

0.02 to 0.1 µH
(0.02 µH)

Body resistance
(Rb)

150 to 1500 Ω
(150 Ω)

2 to 90 Ω
(2 Ω)

Hand capacitance
(Ch)

3 to 10 pF
(10 pF)

3 to 20 pF
(20 pF)

Hand inductance
(Lh)

0.05 to 0.2 µH
(0.05 µH)

<0.01 µH
(0.01 µH)

Hand resistance
(Rh)

20 to 200 Ω
(20 Ω)

<20 Ω
(20 Ω)

Extreme action 1.6 E–03 A2•s 0.120 A2•s
r dissemination unlimited
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indicated in Figure 4. In addition, the
ringing signature, or higher Q, of the FESD
environment provides a slightly different
insult to the victim. The higher Q is directly
related to the damping factor of the LRC
networks. The associated action integral
with the extreme FESD insult is sufficiently
large to be of concern and, unlike the PESD
environment, cannot be screened out.
 Projecting the possible response of the
EBW candidate to this level of insult is
accomplished by simply mapping the FESD-
calculated action integral onto the
population response profiles given earlier in
Figure 8 and redisplayed in Figure 11.

 Although not all FESD environments are
extreme, a low-level response cannot be
screened out, as in the case of all PESD
environments. When a FESD or TESD
environment is adequately defined, a
reduced action integral may indicate that a
small segment of the population will be
affected by the insult. Included in Table 6 is
an example of the maximum FESD
environment posed in a case study by a
representative working group, referred to as
case 1940. This controlled environment was

given a capacitance and voltage parameter
that provided only 12% of the extreme
FESD environment. As a result, the
environment provided a reduced insult to the
victim. This type of EBW will achieve a
temperature of 140°C if exposed to this level
of insult. In addition, only a portion of the
EBW population is expected to melt, and an
even smaller number is expected to
vaporize. The population distribution
calculation was extended to –7 σ and
resulted in projected estimates for the three
responses of interest. These estimates are
listed in Table 6.

Table 6. Two examples of FESD-type insults are
used to indicate the EBW population response.

Low-level
response

Extreme
FESD

FESD case
1940

Action integral 0.120 A2•s 0.024 A2•s

EBW (140°C) 1 1

EBW melts 1 <3.27E–8

EBW vaporizes <9.96E–1 <8E–12
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0 0.05 0.1 0.15
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Case 1940 FESD

Figure 11. When a reasonable EBW is used as the
victim, low-level responses are possible.
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Combined ESD Environments
 A combined PESD and FESD
environment should not be generalized in a
simplistic manner as being a mere extension
of the PESD threat. An excellent view given
in IEEE 62.47 and shown in Figure 12
clearly illustrates a credible configuration
typically found in universal settings.
 The critical issue regarding the
combined ESD environment is the amount
of energy that can be stored in a low-
impedance source that makes the initial
contact to the victim. In the example
illustrated in Figure 12, the cart and the
person have the same potential, and the cart
will provide the initial discharge. The
equivalent circuit representing this
configuration is shown in Figure 13. The
resulting current and action integral are
calculated and are shown in Figures 14 and
15 respectively.
  The previously mentioned ESD sources,
when discrete or combined, have been
adequately defined to project the insult onto
the low-level response distribution of a
typical EBW. The response is an
unmitigated response to the insult from the
defined ESD environment, given a pin-to-

pin attachment. The complication of
determining the response can be reduced by
noticing a simple relationship: the action
integral is bound by the energy of the source
divided by the series resistance of the
source. Figure 16 shows how this
relationship can be easily applied to a
combined environment.

IEEE 62.47

Figure 12. A simple illustration of a combined
PESD and FESD environment from the IEEE
62.47 reference.

Figure 13. The electrical-equivalent circuit for a combined extreme PESD and FESD
environment from the IEEE 62.47 reference.
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Figure 14. A slight increase in the peak current
of a combined extreme ESD environment is
shown.
Approved for public release; fur
Page 16 

The computational model of the ESD
hreat provides insight into the interaction
etween the source and the victim.
owever, a simplified approach to
etermine the action integral can be used to
asily assess areas of concern. Typically,
bjects such as workstations have controlled
eometries. These geometries can be used to
efine equivalent capacitors. If the accepted
evere voltage level of 25 kV is used as the
ource voltage, then the source energy is
asily calculated. The ratio of the source

R
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PESD

+

+

0016.0

C body

L body R body

C 

L f

300 pF 300 pF

150 ohm40 kV

240 mJ stored in
each source

Figure 16. The above schematic represents the relations
created by a person and a piece of furniture.
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Action
integral
(A2
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0

Figure 15. Corresponding to the increase in peak current,
a 10% increase in action integral is calculated for the
combined ESD threat.
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energy to the source series resistance then
indicates the insult parameter of concern, the
action integral. The insult has also been
shown to include, when applicable, the
human and tooling/furniture environments
as a combined environment. If an
environmental insult causes a low-level of
concern, then additional parameters are used
to further assess the possible response
(Table 3).
 If the response is considered acceptable
or insignificant, then no mitigation is
required. If, however, a reduction in the

sA

action
R
E

victim
FESD

FESD

•=

=

2122.0120.0

furniture

urniture R furniture Switch

R victim

2 ohm

hip of a combined electrostatic environment
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response is desired, then proper mitigation is
required. There are two basic mitigation
options: engineered and administrative. This
discussion continues later with limited
engineered controls that are recommended
for a typical detonator.
Pin-to-Case Response
 There are two credible paths for putting
current or action integral through the EBW
of the detonator. The obvious path is
through the detonator cable as designed, or
“pin-to-pin.” The second, less obvious path
occurs from a sufficient insult scenario
attached to a conductor of the detonator
cable and returned to the source through
ground, referred to as “pin-to-case.”
 Figure 17 illustrates a representative
schematic of a source, detonator cable,
EBW, and the capacitance coupling each of
these components together. The normal
operation of the detonator is to inject current
from source point A and return the current to
source point B. When points A and B are
shorted, they are electrically tied to the same
potential, and no significant current will

flow through the EBW. If, however, a transit
type of insult occurs at point B or, in our
case study, the shield of the detonator cable,
a capacitive-coupled insult couples through
the detonator. This does not become a
concern until the voltage across the related
capacitive components exceeds the voltage
breakdown level across the dielectric
material defining the capacitor. At this point,
the capacitor shorts allowing the insult to
pass through the victim. The equivalent
model used to solve for the value of the
insult is given in Figure 18.

3
Source

C4

EBW
C1a

C1b

C2Gnd

C

A

B

Detonator case

Figure 17. A schematic representation of the relationship
of the source and detonator showing the capacitive
coupling.
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 The analysis of the equivalent circuit
shows that the amount of charge transferred
from the source to the victim indicates only
a slight change in the ESD environment
level. The values for the indicated
capacitances as calculated by a 3-D finite-
element analysis (FEA) application are

C1a & C1b 0.0937 pF

C2 1.2364 pF

C3 0.0146 pF

 The source, as indicated in Figure 17, is
capacitively coupled to ground. In most
ESD environments, the source will have the
same return path, or ground, as the victim. If
the source is sufficiently isolated from
ground, then the insult currents are reduced.
The difficulty is controlling and maintaining
these open circuits.
 Pin-to-Case Calculations
 The circuit simulation results of an
extreme ESD insult into a capacitive load, as
indicated in Figure 18, simply charges up
the related capacitors (C1, C2, and C3) to
the ESD or source level. It is easily shown

that an air dielectric medium in the
detonator would not be able to sustain this
voltage level. To investigate a reasonable
maximum level of voltage breakdown in this
geometry, a 3-D finite-element analysis
(FEA) application by Ansoft is used to
calculate the field stress. Figures 19 and 20
show the evaluation specimen that
represents a sample EBW insulated from a
backing plate and a close-up of the
detonator, respectively.

Figure 18. An electrical-equivalent circuit for the extreme FESD environment provides the
solution for the insult.
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Figure 19. The detonator examined in this
discussion consists of an EBW mounted on a
dielectric member that is separated from a
backing plate by a Teflon spacer.
h

insignificant. Rotating the view 45 deg
shows another set of equally valid solutions,
which are used for the continued discussion.
 Figure 21 shows the calculated highest
field stress (Emax = 4.79 MV/cm) at the triple
junction defined by the base of the
attachment point of the BW, the surrounding
HE dielectric material, and the dielectric
substrate of the detonator. The average field
stress (Eave) for this point is found by simply
dividing the applied voltage, 40 kV, by the
distance to the case (71.4 kV/cm). The
resulting field enhancement (f*) of 67.1 for
this specific geometry is then given by the
ratio of maximum field stress (Emax) divided
by the average field stress (E ), as shown
Figure 20. A close-up view of the EBW shows the
small 0.0015-in. gold wire bridging the two
detonator attachment points.
Approved for public release; fur
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Different runs of the same geometry
ve resulted in slightly different solutions.
ese differences are typically within 1 to
. This lack of convergence can be

tributed to the method used by the
plication to set up the tetrahedrons that
fine the geometry. As a result, in one run,
 shown in Figure 21, the maximum field
ress was found to be on the top surface of
e EBW near the center of the bridge
tween the two solder points. However,
cause of the EBW’s symmetrical
ometry, the maximum field stress should
 at the absolute center. The difference is
basically <1% and is considered

 

Emax = 4.79 MV/cm

Eave = 71.4 kV/cm

f* = 67.14

Figure 21. A 45-deg close-up view of the field stress
calculation shows the locational dependency for the
maximum field stress (Emax).
ther dissemination unlimited
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ave
in Eq. 6. The maximum air field stress
(30 kV/cm) divided by f* then yields the
average field stress (Eave) of the pin-to-case
required to cause failure or air breakdown
(Eq. 7). The voltage difference from the pin-
to-case needed to cause breakdown
(Vbreakdown) is found by multiplying Eave by
the distance (d), as shown in Eq. 8. The
maximum voltage (Vbreakdown) before the air
between the pin and case breaks down is
then calculated to be 257 V.
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f * =
Emax

Eave

= 67.14

Eave =
Emax

67.14
=

30 kV/cm
67.14

= 447 V/cm

Vbreakdown = Eave × d = 257 V

 Field stress calculations have shown that
the pin-to-case capacitance (C1a and C1b, as
shown in Figure 18) will short or fail at
calculated level of 257 V. Actual DC
breakdown levels were measured on this
specific geometry, and the observed voltage
was 4.7 kV. This significant difference
demanded a review of the calculations. The
review concluded that the calculations
appear to be accurate. Work is continuing to
resolve the confusion caused by the results,
but the current hypothesis is that the field
enhancement is so high that the EBW has a
corona-stabilized geometry. Corona
stabilization occurs when a highly enhanced
electrode emits an electron cloud that
conceptually increases the electrode size.
 An alternate measurement to DC

breakdown used a partial discharge analysis
approach, which corroborated the highly
stressed structure by indicating the onset of
corona activity to be streamer-type in nature
instead of the typical Townsend-type.14

When reported in the literature, this
phenomenon usually involves
electronegative gases or close-proximity
dielectric material. Lower field-enhanced
geometries are better understood and
characterized using this approach.
Nonetheless, when an insult to the victim
exceeds the determined Vbreakdown, the
voltage at the case equals the pin voltage
and, as such, must have sufficient electrical
insulation or strength from the base or else
it, too, will subsequently fail. In this
discussion, either the 25- or 40-kV insult is
sufficient to break down the pin-to-case
capacitance.
 A conductive casing is used to hold the
explosive clamps to the detonator base and
mounts on an insulated washer 4.6 mm
(0.180 in.) above a backing plate. The
electrical-equivalent component for this
segment is shown as C2 in Figure 18. The
results of the FEA field calculations are
shown in Figure 22. The highest field stress
was observed at the intersurface edge of the
case and detonator base.
 The calculated Emax and Eave at this
location are 529 and 87.5 kV/cm
respectively. The associated field
enhancement (Eq. 9) is 6.05. Using the air as
the surrounding dielectric medium and
ignoring the conceptual overlapping edge of
the insulating washer, which may not be in a
typical configuration, the breakdown voltage
is calculated to be 2.27 kV, as shown in Eq.
10 and 11. Again, the high field

(7)

(8)

(9)

(10)

(11)kV267.2
cm
kV958.4

6.05
cmkV30

05.6

0498.6*

avebreakdown

max
ave

ave

max

=×=

===

==

dEV

EE

E
Ef
 

Backing 
plate 

Teflon 
spacer 

EBW mounted 
on detonator 
base 

E max   = 529 kV/cm 
E av e  = 87.5 kV/cm 
f*  = 6.05 

Figure 22. When the case of the detonator is
crimped around the base, the maximum field stress
is calculated to be on the intersurface of the case.
Approved for pub
(6)
lic release; further dissemination unlimited
Page 20 of 25



UCRL-ID-145642

Approved for public release; furthe
Page 21 of 2

enhancement of the detonator case-to-plate
indicates that measurements are needed to
better indicate the level of concern.
 A summary view of an insult of
sufficient voltage to cause pin-to-case and
case-to-plate voltage breakdown is
illustrated in Figure 23. The calculations and
measurements indicate that voltages greater
than 4.7 kV are adequate to fault the
detonator from pin-to-case. On the other
hand, considering a severely enhanced case-
to-plate geometry and a linear breakdown
estimate of 2.27 kV, the detonator would
most likely hold 5 to 10 kV and fail at the
extreme ESD level of 40 kV. Measuring the
breakdown voltage of a representative
configuration is needed to further gauge the
insult at severe ESD levels.
 In general, extreme ESD environments
appear to exceed the level of insult required
to provide an unintentional current path for
the environment. Furthermore, if an
unintentional attachment is made to an
opposing EBW attachment point that does
not arc to the case/plate, then the insult will
pass through the EBW, just as in the pin-to-
pin attachment scenario. The detonator

response expands to include the EBW and
arc/HE response.
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Figure 23. A visual indication of the resulting
calculations/measurements (cal./mea.) showing a
pin-to-case/plate fault scenario.
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Up to this point, the discussion has dealt
ith the attachment of an ESD environment

o the pin or conductor of an EBW.
owever, for the sake of completeness, the

apacitive coupling of an insult to a
onductor must be included as a means to
nsult the victim. Figure 24 clearly shows
ow an ESD impulse can couple through the
uter insulation of a coaxial detonator cable
nto the EBW and out of the detonator, as
reviously described. The outer dielectric

EBW

king plate

case

tor cable

ive-coupled environments.
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insulation does not have to initially fail in
this configuration to effectively couple the
entire insult to the victim. As each capacitor
fails to an overvoltage level, the increase in
voltage across the remaining capacitors
stresses the capacitors to their levels of
failure. This problem is exaggerated when
the environment is an FESD insult.
 Pin-to-Case Experimental Evidence
 Experimental evidence of detonator
responses resulting in arc initiated
detonation is shown to be arc-energy
dependent16.  The required arc-energy is also
shown to have a linear relationship to length
for small gaps (~30 mils) with a nominal
energy per length value of 1 mJ/mil. This
empirical value applies to high-surface area
PETN, and as such cannot be inferred to be
the necessary arc-energy required for all
spark initiation of detonators. The limited
knowledge of the arc characteristics and HE
interaction does not provide sufficient
confidence to extrapolate the reported
energy per length to large gaps having a
spacing of 250 mils.  The only credible ESD
insults capable of providing the level of
initiating arc-energy are low resistance
sources having sufficient stored energy.
Low resistance environments allow more
energy to be dissipated across the arc and
less across the source.  As such high
resistance sources are seen to reduce the
insult level available for arc initiation by
allowing most of the energy to be dissipated
in the source and less in the arc.
 Work by others experimentally confirm
the inability of high resistance ESD
environments such as HESD to meet the
insult threshold for detonation.12, 13

Authors13 considered the HESD insult as the
worst case environment and calculated a
lower resistance source, similar to the
discussed TESD and FESD type, as a
possible environment for detonation. The
experimental configuration13 consisted of a
450 mJ source. Of the detonators tested only

small gap (40 mil) units with low-density
powder detonated. The larger 250 mil gaps
with a combined low and high density
pressing, 0.93 g/cm3 and 1.60 g/cm3

respectively, did not detonate.
 Assuming an optimum coupling circuit
for a source and arc, it must be pointed out
that only one half of the stored energy from
the source will be developed across an arc.
As such a reasonable amount of arc energy
from the defined experimental configuration
would be 225 mJ. This energy level is only
slightly less than the 250 mJ if extrapolated
from the 1 mJ/mil level for small gaps. In
addition this discussion shows that TESD
and FESD environments are more
significant than previously thought. The
highest environmental insult in a recently
conducted safety study includes a 25 kV
source having a capacitance of 13 nF
providing 4 J of stored energy from a low
resistance FESD type source. This level of
energy insult has not been previously
assessed and exceeds the investigated level
by an order of magnitude. The resulting
detonator response is therefore unknown.
 In order to apply the same rigor of
assessment to the pin-to-case response as
discussed for the pin-to-pin configuration
additional information is required defining
the arc resistance.  Arc resistance in this
media is not easily achieved from first
principles.  An experimental effort has been
started to empirically provide this critical
parameter needed to comprehensively assess
the response of detonators to ESD-type
environments.

Insult Mitigation
 Engineered controls are the preferred
method of mitigating insults. The following
section advocates shorting pin-to-pin and
pin-to-case detonator leads.
 The initial case of shorting the pin-to-pin
removes the field gradient across the BW
that is needed to conduct current, so the
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insult is no longer a concern. If the center
and outer conductors are shorted and the
voltage is adequate to fault the pin-to-
case/plate capacitance, then the current will
divide according to the impedance of two
paths to ground. As discussed above, when
the voltage exceeds the breakdown level, the
current will pass along the detonator header
adjacent to the HE. The detonator response
to this type of insult is not well defined and
is not recommended. In contrast, however, if
the center and outer conductors are shorted
and the short is electrically connected to the
ground by a low impedance, only a minimal
voltage will develop across the pin-to-
case/plate capacitances. The resulting low
voltage will isolate the conducted current
from passing through the detonator and will
allow the environment to discharge through
the shorted connections.
 Clearly, the highest level of mitigation is
to short the detonator cable and connect it to
ground with a low-impedance attachment.

Conclusion
 The fundamental and experimental
verified charge transfer by triboelectrification
does not adequately bound the ESD
environment. A simplified approach to
determining the action integral uses a
controlled geometry to define the
capacitance and the accepted severe level of
25 kV to determine the source energy. The
ratio of the source energy to the source
series resistance then indicates the insult
parameter of concern, the action integral.
The insult has also been shown to include,
when applicable, the human and
tooling/furniture environments as a
combined environment.
 This discussion independently confirms
that all PESD environments that are
appropriately defined solely as a PESD
environment can be screened as an insult
causing a low-level effect to include both
pin-to-pin and pin-to-case configurations. In

contrast, the extreme FESD environment
indicates that low-level responses are
anticipated and need to be evaluated on a
case by case bases.
 Pin-to-pin configurations are evaluated
from first principles whereas arc initiation
by pin-to-case scenarios is not as well
defined and therefore limited to an empirical
interpretation for assessment. The
confidence in scaling the available
information for arc initiation from small
gaps to large gaps is not reasonable
considering the lack of the understanding in
the arc formation and its associated critical
parameters for detonation. A recent safety
study indicates an environmental insult
having an order of magnitude higher energy
than previously investigated. Ongoing work
is underway to measure the arc resistance
with the intent to improve the estimate of
available energy distribution in larger gap
configurations.
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