
DISCLAIMER 

This report was prepared as an account of work sponsored by an 

agency of the United States Government. Neither the United States 

Government nor any agency thereof, nor any of their employees, 

makes any warranty, express or implied, or assumes any legal liability 

or responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents 

that its use would not infringe privately owned rights. Reference 

herein to any specific commercial product, process, or service by 

trade name, trademark, manufacturer, or otherwise does not 

necessarily constitute or imply its endorsement, recommendation, or 

favoring by the United States Government or any agency thereof. The 

views and opinions of authors expressed herein do not necessarily 

state or reflect those of the United States Government or any agency 

thereof.  Reference herein to any social initiative (including but not 

limited to Diversity, Equity, and Inclusion (DEI); Community Benefits 

Plans (CBP); Justice 40; etc.) is made by the Author independent of 

any current requirement by the United States Government and does 

not constitute or imply endorsement, recommendation, or support by 

the United States Government or any agency thereof. 



 

 
 
 
 
 
 
 
 
 
 
 

SANDIA REPORT 
SAND2025-07338 
Printed June 2025 
 

Low Frequency Cable Dual Shield 
Penetration Using Complete 
Transfer Immittance Model 
 
Larry K. Warne and Alden R. Pack 
 
 
 
 
 

Prepared by 
Sandia National Laboratories
Albuquerque, New Mexico 
87185 and Livermore, 
California 94550 

SAND2025-07338



 

Issued by Sa
Technology 
 
NOTICE:  
Governmen
their contrac
liability or re
process discl
commercial 
constitute or
thereof, or a
state or refle
 
Printed in th
 
Available to 
 U.S. De
 Office 
 P.O. Bo
 Oak Ri
 
 Teleph
 Facsim
 E-Mail
 Online 
 
Available to 
 U.S. De
 Nation
 5301 Sh
 Alexan
 
 Teleph
 Facsim
 E-Mail
 Online 
 
 

 

andia National La
& Engineering S

This report was 
t. Neither the Un
ctors, subcontrac
esponsibility for t
losed, or represe
product, process
r imply its endors
any of their contr
ect those of the U

he United States o

DOE and DOE
epartment of En
of Scientific and 
ox 62 
idge, TN 37831 

one: (865
mile: (865

: repo
ordering: http

the public from 
epartment of Co

nal Technical Info
hawnee Rd 
dria, VA 22312 

one: (800
mile: (703

: orde
order: http

aboratories, oper
Solutions of Sand

prepared as an a
nited States Gove
ctors, or their em
the accuracy, com
nt that its use wo
s, or service by tr
sement, recomm
ractors or subcon
United States Gov

of America. This

E contractors from
nergy 

Technical Inform

5) 576-8401 
5) 576-5728 
orts@osti.gov 
p://www.osti.gov

mmerce 
ormation Service 

0) 553-6847 
3) 605-6900 
ers@ntis.gov 
ps://classic.ntis.g

 
 

rated for the Unit
dia, LLC. 

account of work s
ernment, nor any
ployees, make an

mpleteness, or us
ould not infringe 
rade name, tradem
endation, or favo

ntractors. The vie
vernment, any ag

s report has been 

m 

mation 

v/scitech 

ov/help/order-m

2 

ted States Depart

sponsored by an 
y agency thereof, 
ny warranty, expr
efulness of any in
privately owned 

mark, manufactur
oring by the Unit
ews and opinions
gency thereof, or

reproduced dire

methods/ 

tment of Energy 

agency of the Un
nor any of their 

ress or implied, o
nformation, appa
rights. Referenc

rer, or otherwise
ted States Govern
s expressed herein
r any of their con

ectly from the bes

by National 

nited States 
employees, nor a

or assume any leg
aratus, product, o
e herein to any sp
, does not necess
nment, any agenc
n do not necessa

ntractors. 

st available copy.

any of 
gal 
or 
pecific 
sarily 
cy 
arily 

 



SAND2025-07338

Unlimited Release

Printed June 2025

Low Frequency Cable Dual Shield Penetration Using Complete
Transfer Immittance Model

L. K. Warne, Plasma/EM Software Dept.
and A. R. Pack, EM/Electronics Analyses Dept.

Sandia National Laboratories
P. O. Box 5800

Albuquerque, NM 87185-1152

Abstract

This report discusses low frequency coupling and subsequent penetration of a dual shield cable using
a transfer immittance model with reciprocal sources. Configurations include: 1) where the cable is above
a ground plane and shorted at both ends, 2) a monopole arrangment where it is shorted at one end and
open at the other end, and 3) a monopole arrangement where the open end is loaded by a disc. The
open circuit voltage within the cable is estimated for each case.

3



 

4 

 

This page left blank 
  



Contents
1 LOW FREQUENCY SHIELD CURRENT 7
1.1 Short-Short Circuit Cable Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2 Open-Short Circuit Cable Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Disc Loaded Monopole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 CABLE SHIELD TRANSFER IMPEDANCE 11
2.1 Braid Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Solid Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 COMPLETE TRANSFER IMMITTANCE MODEL 15
3.0.1 Extremely Low Frequency Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1 Application To Short-Short Cable Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1.1 Low Frequency Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Application To Open-Short Cable Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.1 Low Frequency Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3 Application To Open-Short Cable Case With Disc . . . . . . . . . . . . . . . . . . . . . . . . 22

4 INTERIOR OPEN CIRCUIT VOLTAGE AND CURRENT 25
4.1 Upset Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Interior Inductive Reactance Versus Load Impedance . . . . . . . . . . . . . . . . . . . . . . . 25

5 CONCLUSIONS 27

List of Figures
1 Complete transfer immitance cable model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

5



 

6 

 

This page left blank 
  



1 LOW FREQUENCY SHIELD CURRENT
The shield current at low frequencies is now estimated for short circuit conditions at both ends and for an
open circuit at one end and a short circuit at the opposite end. We initially neglect the interior currents
compared to the outer shield layer.

1.1 Short-Short Circuit Cable Case

In the case where the cable is taken to be above some ground plane structure and shorted at both ends, we
estimate the magnetic flux between the cable and the return (with no current on the cable)

Φ0 = cφ0 = LloopI
sc
s =

Z
S

B · ndS ≈ Aloopµ0H0 (1)

where

Aloop = O (chg) (2)

and H0 is the drive field above the ground plane and φ0 is the average flux per unit length between the cable
and ground plane. The inductance of the loop is estimated from the wire of radius b, a distance hg above
ground, inductance per unit length

L =
µ0
2π
arccosh (hg/b) =

µ0
2π
ln

s
hg + he
hg − he

(3)

where

he =
q
h2g − b2 (4)

and the total loop inductance is

Lloop ≈ Lc (5)

where c is the wire length. For fixed H0 we see that the low frequency value of the shield current Iscs is
constant in frequency

Iscs ≈ Aloopµ0H0/Lloop (6)

1.2 Open-Short Circuit Cable Case

In the case where the cable is shorted at one end to a substantial structure and open at the other end, it
is driven by the incident electric field in the presence of the structure E0,. the open circuit voltage at the
shorted end of the cable is

V oc
s = −Qcab/Ccab = −hoce E0 (7)

where the effective height is related to the monopole height h by using the current distribution for an
electrically short transmitting monopole

It (z) = It (0) (h− z) /h (8)

where the open circuit voltage is found from

7



V oc
s =

1

It (0)

Z h

0

It (z)Ezdz =
E0
h

Z h

0

(h− z) dz = −1
2
E0h (9)

and therefore

hoce ∼ h/2 (10)

The average charge per unit length q0 is

Qcab ≈ hq0 = CcabE0h/2 (11)

where the capacitance is taken as that of a monopole above a ground plane, which from the first order Hallen
iteration method is

Ccab ∼ 4πε0h
Ωe

= ε02πh/ ln

µ
h

be

¶
, Ωe = 2 ln (2h/b)− 2 (1 + ln 2) = 2 ln

µ
h

be

¶
, h/b ≥ 10 (12)

The received current at the base of the monopole is

Iscs =
d

dt
Qcab = −iωQcab (13)

and the distribution is

Is (z) = Iscs (h− z) /h (14)

1.2.1 Disc Loaded Monopole

If we load the monopole with a disc having much larger radius bd >> b, but still with h > bd, we add an
additional charge at the tip

Qdisc = CdiscE0h (15)

where a disc in free space has capacitance

Cdisc = ε08bd (16)

Then using the transmitting current distribution

It (z) = Idisc + Icab (0) (h− z) /h (17)

where

Icab (0) = −iωQcab = −iωh
2
E0Ccab (18)

Idisc = −iωQdisc = −iωhE0Cdisc (19)

we find

Voc = − E0

Cdisc +
h
2Ccab

Z h

0

·
Cdisc +

1

2
Ccab (h− z) /h

¸
dz = − E0

Cdisc +
h
2Ccab

·
zCdisc − 1

4
Ccab (h− z)

2
/h

¸h
0

(20)
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so that the effective height in this loaded case is

hoce = h
Cdisc +

1
4Ccab

Cdisc +
1
2Ccab

(21)

and again

Qcab = hq0 = CcabE0h/2 (22)

Ccab ∼ 4πε0h
Ωe

(23)

We see that the effective height varies over the range

h/2 ≤ hoce ≤ h (24)

The current at the base in this case is

Iscs =
d

dt
(Qdisc +Qcab) = −iω (Qdisc +Qcab) (25)

For fixed E0 we see that the low frequency value of the shield current Iocs is proportional to frequency in
these cases with open circuits at the top end (versus the previous short circuited case driven by the magnetic
field).

9
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2 CABLE SHIELD TRANSFER IMPEDANCE
If the cable shield has two layers, a braid layer and a solid layer, we first discuss models for each and then
assemble the total.

2.1 Braid Layer

The Kley model [1] for the braid penetration has transfer impedance

ZT ≈ Zint
TR − iωLT + (1− i)ωLS (26)

where the diffusion contribution is [1]

Zint
TR = Rgs

γdR
sin (γdR)

= Rgs
(1 + i) dR/δ

sin (dR/δ) cosh (dR/δ) + i cos (dR/δ) sinh (dR/δ)
(27)

Rgs =
4

σmnd2π cosα
=

1

σG0 cosα

2

π2Dmd
(28)

dR ≈ 0.67d/
√
cosα (29)

γ = (1 + i) /δ (30)

δ =
p
2/ (ωµσ) (31)

The external inductive contribution has hole and porpoising parts [1]

LT =ML + LG (32)

ML ≈ µ00.875
π (2− cosα)

6m
(1−G)3 e−τH (33)

τH = 0.8τE = 9.6G
3
p
B2d/Dm (34)

LG ≈ −µ0
0.11d

2πDmG0
cos (2k1α) = −µ0

0.11

mn
cos (2k1α) (35)

k1 =
π

4

µ
2

3
G0 +

π

10

¶−1
(36)

and the internal impedance contribution also has hole and porpoising contributions [1]

ωLS =
1

πσδ
(1/DL + 1/DG) (37)

D−1L ≈ 10πG20
cosα

Dm
(1−G) e−τE (38)

D−1G ≈ − 3.3

2πDmG0
cos (2k2α) (39)

11



k2 =
π

4

µ
2

3
G0 +

3

8

¶−1
(40)

For the Belden 8240 cable the geometry parameters are

m = 16 (41)

n = 7 (42)

d = 0.005 in (43)

D0 ≈ 0.116 in (44)

Dm = D0 + 2d+ h ≈ D0 + 2.5d ≈ 0.1285 in (45)

s ≈ 0.889 in (46)

α = arctan (πDm/s) = 24.4
o (47)

G0 = mnd/ (2πDm) ≈ 0.6936 (48)

G = G0/ cosα ≈ 0.7616 (49)

B = G (2−G) ≈ 0.943 (50)

where B is the optical coverage. Then the Kley parameters are

dR ≈ d (0.70209) (51)

σ ≈ 5.8× 107 S/m (copper at 20oC) (52)

Rgs ≈ 0.0133 ohms/m (53)

τH ≈ 1.4766 (54)

ML ≈ µ0
¡
3.902× 10−5¢ (55)

k1 ≈ 1.0114 (56)

LG ≈ −µ0
¡
6.3973× 10−4¢ (57)

12



DL ≈ 0.76954 in (58)

k2 ≈ 0.9379 (59)

DG ≈ −0.24328 in (60)

Consequently we can write the transfer impedance terms as (δ = 0.026018 in at 1 MHz) dR/δ ≈ 1.3492436

Zint
TR ≈ Rgs

(1 + i) 1.3492436

2.006695 + i0.395
≈ Rgs0.7747042 (1 + i0.6710657) , at 1 MHz (61)

¯̄
Zint
TR

¯̄ ≈ Rgs (0.9329734) ≈ 0.012408 ohms/m at 1 MHz (62)

ωLS =
1

1.2041595× 104 S (1/0.76954 in− 1/0.24328 in) ≈ −0.00919 ohms/m at 1 MHz (63)

ωLT ≈ −ωµ0
¡
6.0071× 10−4¢ ≈ −0.004743 ohms/m at 1 MHz (64)

We see from these that the largest term is the diffusion term and this becomes slightly larger (approaching
Rgs) as the frequency is reduced, whereas the other terms decrease with frequency (ωLs = O (

√
ω) and

ωLT = O (ω)).
However, for frequencies where d/2 ≤ δ, which occurs at 1.083MHz, isolated wires behave nearly the same

as that of a wire with uniform current density; it is thus somewhat unclear if the higher frequency forms in
the internal impedance in Kley are really accurate; although these terms become small at lower frequencies
anyway. The external inductance is also of somewhat questionable accuracy, but since the porpoising is
dominant for this optical coverage (which depends less on wire current distribution) we will include it and
take

ZT ≈ Rgs − iωLT below 1 MHz (65)

The self impedance of the braid could be taken as

Zs = Zint
R − iω∆L ≈ Zint

R (66)

where ∆L is the correction for the braid structure versus a solid wall, and

Zint
R ≈ Rgs

γdR
tan (γdR)

= Zint
TR {cos (dR/δ) cosh (dR/δ)− i sin (dR/δ) sinh (dR/δ)} (67)

2.2 Solid Layer

If the shield also has a solid layer of thickness ∆ and mean radius b2 its transfer impedance is [2]

Zint
2TR = R2

γ2∆

sin (γ2∆)
= Rgs

(1 + i)∆/δ2
sin (∆/δ2) cosh (∆/δ2) + i cos (∆/δ2) sinh (∆/δ2)

(68)

and the self impedance is

Zint
2R = R2

γ2∆

tan (γ2∆)
= Zint

2TR cos (γ2∆) = Zint
2TR {cos (∆/δ2) cosh (∆/δ2)− i sin (∆/δ2) sinh (∆/δ2)} (69)

13



R2 =
1

2πb2∆σ2
(70)

γ2 = (1 + i) /δ2 (71)

δ2 =
p
2/ (ωµσ2) (72)

14



3 COMPLETE TRANSFER IMMITTANCE MODEL
Usually the interior cable current I is small compared to the exterior cable shield current I << Is, and the
reciprocal sources on the cable exterior are neglected; this typically results when the system is driven from
the exterior and there are loads on the interior (these loads can result from the gap inductance between
conductors if shorted or actual loads). Under conditions where the interior current is comparable to the
exterior current, the complete transfer immittance model can be used [2]. The full transfer immittance cable
model has the form shown in Figure 1. The system of equations are then

dV

dz
+ ZI = ZT Is (73)

dI

dz
+ Y V = −YTVs (74)

dVs
dz

+ ZsIs = ZT I + iωφ0 (75)

dIs
dz

+ YsVs = −YTV + iωq0 (76)

where φ0 is the magnetic flux per unit length linking the loop, q0 is the electric charge per unit length
deposited by the electric field, and

Z = Zint − iωLext (77)

Zs = Zint
s − iωLs (78)

ZT = Zint
T − iωLextT (79)

Y = G− iωC (80)

Ys = Gs − iωCs (81)

the superscript int refers to the internal impedance (resulting from finite metal conductivity) of the con-
ductors and ext refers to the external inductance (if the conductors are perfect); self and transfer diffusion
solutions can be inserted for the int terms, which will involve the shield thickness. The part of the internal
impedances due to the diffusion of an equivalent layer of thickness dR (see semi-empirical models in Kley)
could be taken as

Zint
TR ≈ Rgs

γdR
sin (γdR)

(82)

Zint
R ≈ Rgs

γdR
tan (γdR)

(83)

where Rgs is the DC resistance per unit length (for an actual layer of radius b, 1/ (2πbσdR)), and the
propagation constant and skin depth are

γ = (1 + i) /δ (84)

15
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Figure 1: Complete transfer immitance cable model.

δ =
p
2/ (ωµσ) (85)

3.0.1 Extremely Low Frequency Limits

To illustrate the behavior at extremely low frequencies (taking the skin depth to be large compared to the
thickness of the metallic conductors) we set

Z ∼ Zint ∼ Rs +Rc → Rs (86)

Zs ∼ Zint
s ∼ Rs +Rr → Rs (87)

ZT ∼ Zint
T ∼ Rs (88)

where here Rs is the shield resistance per unit length, the outer chassis return resistance per unit length is
for convenience taken as perfectly conducting Rr = 0, and the center conductor resistance per unit length
is also for convenience taken as perfectly conducting Rc = 0. The extremely low frequency equations then
become

dV

dz
+RsI ≈ RsIs → dV

dz
≈ Rs (Is − I) (89)

16



dI

dz
= 0 (90)

dVs
dz

+RsIs ≈ RsI → dVs
dz
≈ Rs (I − Is) (91)

dIs
dz

= 0 (92)

Defining the total shield current as

Itots = Is − I (93)

the voltage equations become

dV

dz
≈ RsI

tot
s (94)

dVs
dz
≈ −RsI

tot
s (95)

which obviously make sense at the low frequencies (noting that V is the center conductor-to-shield voltage
and Vs is the shield-to-return chassis voltage).
If we have conductive material for the dielectric and a perforated perfectly conducting shield with Rs = 0

Y = G (96)

Ys = Gs (97)

YT = GT (98)

dI

dz
= − (GTVs +GV ) (99)

dIs
dz

= − (GTV +GsVs) (100)

dItots

dz
= (GT −Gs)Vs + (GT −G) (−V ) (101)

where Vs is the voltage from the shield to the chassis and −V is the voltage from the shield to the center
conductor. The symmetrical form of the conductance elements makes sense here.

17



3.1 Application To Short-Short Cable Case

In the case where both exterior ends of the cable are shorted, let us ignore the current sources due to YT ,
drop Y2 and Ys, as well as labeling the solid shield current as I2 and the solid shield voltage V2

dV2
dz

+ Z2I2 = ZT Is (102)

dI2
dz

= 0 (103)

dVs
dz

+ ZsIs = ZT I2 + iωφ0 (104)

dIs
dz

= 0 (105)

We need to keep in mind that Z2 includes not only the inductance per unit length between braided and
solid shields, but also the sums of the impedances per unit length of both shields (in a typical transmission
line the losses on the walls for current on the center conductor and on the return are summed); similarly, in
principal Zs includes the external inductance per unit length to the cable, but also the sum of the braid and
chassis return impedances per unit length.
Now with V2 (0) = 0

V2 (z) = z (ZT Is − Z2I2) (106)

Enforcing V2 (c) = 0

ZT Is = Z2I2 (107)

Also taking φ0 = Φ0/c with Vs (0) = 0

Vs (z) = z (ZT I2 − ZsIs) + iωzΦ0/c (108)

Enforcing Vs (c) = 0

(ZT I2 − ZsIs) c+ iωΦ0 = 0 (109)

Now using the preceding result to eliminate I2¡
Z2T /Z2 − Zs

¢
Is + iωΦ0/c = 0 (110)

giving

Is =
iωΦ0/c

Zs − Z2T /Z2
= (iωΦ0/c)

Z2
ZsZ2 − Z2T

(111)

I2 =
(ZT /Zs) iωΦ0/c

Z2 − Z2T /Zs
= (iωΦ0/c)

ZT
Z2Zs − Z2T

(112)

Finally we find

Voc = I2Z
int
2TR = (iωΦ0/c)

ZTZ
int
2TR

Z2Zs − Z2T
(113)

18



Zint
2TR = R2

γ2∆

sin (γ2∆)
(114)

Then inserting the parameters

ZT ≈ Zint
TR − iωLT + (1− i)ωLS or ZT ≈ Rgs − iωLT at the lower frequencies (115)

Zs = Zint
R − iωL (116)

Z2 = Zint
2R + Zint

R − iωL2 ≈ Zint
2R + Zint

R (117)

Zint
2R = R2

γ2∆

tan (γ2∆)
(118)

L2 ≈ µ0
2π

µ
D0 − 2b2 −∆
D0 + 2b2 +∆

¶
→ 0 (119)

Finally we find

Voc = I2Z
int
2TR = (iωΦ0/c)

ZTZ
int
2TR¡

Zint
2R + Zint

R

¢ ¡
Zint
R − iωL

¢− Z2T
(120)

I2 = (iωΦ0/c)
ZT¡

Zint
2R + Zint

R

¢ ¡
Zint
R − iωL

¢− Z2T
(121)

Is = (iωΦ0/c)
Zint
2R + Zint

R¡
Zint
R − iωL

¢ ¡
Zint
2R + Zint

R

¢− Z2T
(122)

3.1.1 Low Frequency Form

Suppose we take

Zint
2TR → R2 (123)

Zint
2R → R2 (124)

Zint
R → Rgs (125)

Is = (iωΦ0/c)
R2 +Rgs

(Rgs − iωL) (R2 +Rgs)− (Rgs − iωLT )
2 (126)

I2 = (iωΦ0/c)
Rgs − iωLT

(R2 +Rgs) (Rgs − iωL)− (Rgs − iωLT )
2 (127)

Itots = Is − I2 = (iωΦ0/c)
R2 + iωLT

(Rgs − iωL) (R2 +Rgs)− (Rgs − iωLT )
2 (128)

Voc → (iωΦ0/c)
(Rgs − iωLT )R2

(R2 +Rgs) (Rgs − iωL)− (Rgs − iωLT )
2 (129)
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Very Low Frequency Limit Check If the very low frequency limit of these is taken

Is =
iωΦ0/c

Rgs −R2gs/ (Rgs +R2)
=

iωΦ0/c

Rgs

(Rgs +R2)

R2
(130)

Itots = Is − I2 =
iωΦ0/c

Rgs
(131)

I2 =
(Rgs/Rgs) iωΦ0/c

Rgs +R2 −R2gs/Rgs
=

iωΦ0/c

R2
(132)

This second set is simply the parallel combination of the two resistances

Itots + I2 = Is = (iωΦ0/c) (1/Rgs + 1/R2) (133)

3.2 Application To Open-Short Cable Case

In the case where we have an open circuit at one end, the shield current is no longer strictly uniform along
the length of the cable. Again dropping YT , Y2, Ys as well as labeling the solid shield current as I2 and the
solid shield voltage V2

dV2
dz

+ Z2I2 = ZT Is (134)

dI2
dz

= 0 (135)

dVs
dz

+ ZsIs = ZT I2 (136)

dIs
dz

= iωq0 (137)

and thus I2 is constant and Is is linear (if q0 is constant). If there is no disc load at the end of the cable we
take q0 = Qcab/h and with Is (h) = 0

V oc
s = Qcab/Ccab = hoce E0 = E0h/2 (138)

Ccab ∼ 4πε0h
Ωe

= ε02πh/ ln

µ
h

be

¶
, Ωe = 2 ln (2h/b)− 2 (1 + ln 2) = 2 ln

µ
h

be

¶
, h/b ≥ 10 (139)

Is (z) = iω (z − h)Qcab/h (140)

dVs
dz

= ZT I2 − Zsiω (z − h)Qcab/h (141)

dV2
dz

= ZT iω (z − h)Qcab/h− Z2I2 (142)

Now we enforce Vs (0) = 0 = V2 (0)
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Vs (z) = zZT I2 − 1
2
Zsiωz (z − 2h)Qcab/h (143)

V2 (z) =
1

2
ZT iωz (z − 2h)Qcab/h− zZ2I2 (144)

Next we also enforce V2 (h) = 0

−iωQcab
1

2
(ZT /Z2) = I2 (145)

Then the open circuit voltage on the center conductor is

Voc = Zint
2TRI2 = −iωQcab

1

2
(ZT /Z2)R2

γ2∆

sin (γ2∆)
(146)

Zint
2TR = R2

γ2∆

sin (γ2∆)
(147)

3.2.1 Low Frequency Form

Suppose we take

Z2 = Zint
2R + Zint

R − iωL2 ≈ Zint
2R + Zint

R (148)

Zint
2TR → R2 (149)

Zint
2R → R2 (150)

Zint
R → Rgs (151)

then

Voc → I2R2 ≈ −iωQcab
1

2
(Rgs − iωLT )

µ
R2

R2 +Rgs

¶
= −iωQcab

1

2

µ
Rgs − iωLT

Rgs

¶µ
R2Rgs

R2 +Rgs

¶
(152)

I2 → −iωQcab
1

2

µ
Rgs − iωLT
R2 +Rgs

¶
(153)

Itots = Is (0)− I2 → −iωQcab
1

2

µ
1− Rgs − iωLT

R2 +Rgs

¶
(154)

21



Very Low Frequency Limit Check If the very low frequency limit of these is taken

Itots = Is (0)− I2 → −iωQcab

µ
1− hRgs/2

hR2 + hRgs

¶
(155)

I2 → −iωQcab

µ
Rgs/2

R2 +Rgs

¶
(156)

Therefore some current is transferred to the inner solid shield. It is interesting that even when R2 = 0,
only half the total current is transferred. This actually makes sense since the deposited charge and resulting
current on the outer shield must flow up the outer shield to z = h in order to reach the connection point to
the inner shield.

3.3 Application To Open-Short Cable Case With Disc

When we add a large disc to the top of the open circuited cable the current remains more nearly constant
along the cable. The charges are found from

V oc
s = Qcab/Ccab = hoce E0 ≈ hE0 (157)

Qcab ≈ hq0 = Ccab
h

2
E0 (158)

Ccab ∼ 4πε0h
Ωe

(159)

Qdisc = E0hCdisc (160)

Cdisc = ε08bd (161)

Again dropping YT , Y2, Ys as well as labeling the solid shield current as I2 and the solid shield voltage V2

dV2
dz

+ Z2I2 = ZT Is (162)

dI2
dz

= 0 (163)

dVs
dz

+ ZsIs = ZT I2 (164)

dIs
dz

= iωq0 (165)

The second equation says that I2 is a constant, and from the final equation using the disc constant contri-
bution to the current, we can write

Is (z) = iωq0 (z − h)− iωQdisc (166)

Then from the voltage equations enforcing Vs (0) = 0 = V2 (0)
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V2 (z) + zZ2I2 = ZT

·
iωq0

1

2
z (z − 2h)− iωQdiscz

¸
(167)

Vs (z) + Zs

·
iωq0

1

2
z (z − 2h)− iωQdiscz

¸
= zZT I2 (168)

Now also enforcing V2 (h) = 0 gives

I2 = −iω (ZT /Z2)
µ
q0h

1

2
+Qdisc

¶
= −iω (ZT /Z2)

µ
1

2
Qcab +Qdisc

¶
(169)

The open circuit voltage on the interior of the cable is then

Voc = Zint
2TRI2 = −iω

µ
1

2
Qcab +Qdisc

¶
(ZT /Z2)R2

γ2∆

sin (γ2∆)
(170)

Zint
2TR = R2

γ2∆

sin (γ2∆)
(171)
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4 INTERIOR OPEN CIRCUIT VOLTAGE AND CURRENT
From our previous results we have the interior cable open circuit voltage which can be used to assess low
frequency upset issues. We can also use it to estimate current into a load.

4.1 Upset Issues

At these low frequencies we expect to be below cable resonances. Hence, the preceding open circuit voltages
can be compared to a threshold screening level such as for logic circuits

Vth = 1 volt (172)

Note that it is possible to attach a lumped capacitance load with a value ≥ 0.1 µF to create resonances
in this region (see cable inductance below), but we do not expect these to be present. If we believe these to
be present the levels estimated here can be increased by the cable quality factor (which also includes losses
associated with this lumped load) which can be taken as O (100).

4.2 Interior Inductive Reactance Versus Load Impedance

The interior coaxial-type region has an inductance per unit length between the center conductor and shield.
The inductance per unit length of the Belden 8240 cable is

Lcoax =
µ0
2π
ln

µ
D0

d0

¶
≈ 260.19 nH/m (173)

where d0 is the interior center conductor diameter. The total interior inductance is then

Ltotcoax = ccoaxLcoax (174)

The interior inductive reactance for a meter of such cable at 1 MHz is −i1.635 ohms. If we put a RL = 1
ohm load at the end of the cable (a typical hot-wire electro-explosive device value) we thus see that the
resulting voltage divider will supply a reduced current

Isc =
Voc

RL − iωLtotcoax

≤ Voc/RL (175)

Thus, if Voc < Vth = 1 volt we will not supply sufficient current or power Pth = 1 W for initiation.
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5 CONCLUSIONS
This report estimates the coupling to a cable at low frequencies and then uses a complete immittance
penetration model to compute the interior voltage for a dual shielded cable.

References
[1] T. Kley, “Optimized Single-Braided Cable Shields,” IEEE Transactions On Electromagnetic Compati-

bility, Vol. 35, No. 1, February 1993, pp. 1-9.

[2] S. A. Schelkunoff, “The Electromagnetic Theory of Coaxial Transmission Lines and Cylindrical Shields,”
Bell System Technical Journal, Vol. 13, 1934, pp. 532-579.

27



 

28 

 

This page left blank 
  



 

29 

DISTRIBUTION 
 

Email—Internal 

Name Org. Sandia Email Address 

K. O. Merewether 02900 MS0405 

W. L. Langston 01324 MS1152 

E. A. Dohme 01324 MS1152 

J. D. Kotulski 01324 MS1152 

A. R. Pack 01322 MS1152 

R. A. Pfeiffer 01324 MS1152 

L. San Martin 01322 MS1152 

L. K. Warne 01324 MS1152 

Technical Library 01911 sanddocs@sandia.gov 
 
 

 

Hardcopy—Internal 

Number of 
Copies Name Org. Mailstop 

1 A. R. Pack 01322 MS1152 

2 L. K. Warne 01324 MS1152 
 
 
 
 
 
 
 
  



 

 

Sandia National Laboratories 
is a multimission laboratory 
managed and operated by 
National Technology & 
Engineering Solutions of 
Sandia LLC, a wholly owned 
subsidiary of Honeywell 
International Inc. for the U.S. 
Department of Energy’s 
National Nuclear Security 
Administration under contract 
DE-NA0003525. 

 




