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1.0 INTROD UC TI ON

For satellite designs which employ RF shielded cables as signal and secondary

power lines, and which provide at least 40 dB shielding , the dom inant SGEMP mechanism

from an exoatmospheric nuclear event is from the direct interaction of incident X—ray

photons with the cables themselves. The basic phenomenology is simply that electrons ,

which are ejected from cable conducting surfaces including the shield , stimulate the

flow of replacement curren t direc tly on the cab les’ center wire(s). In this section we

give a brief review of the phenomenology and experiments which form the basis of our

present understanding of the direct injection response of shielded cables.

In several respects the direct injection response of cables is simpler

to treat than, say , the problem of caiculating skin currents on a satellite , or fields

inside a satellite cavity. For one toing , the cable diameter tends to be much

smaller than the dominant wavelengths of the pulse , and it is therefore reasonable

to replace Maxwell’s equations by their quasistatic Counterpart8. Secondly,  the

transport of electrons in dielectrics is not influenced by the generated fields, at

least for X—ray fluences relevant to satellites, and it is not necessary to self—

consisten tly calculate the m .tion of the electrons. It is true that in contrast

to other SGEMP mechanisms one might have to worry about radiation Induced dielectr ic

conductivity of a cable ’s insulation , but again one finds that for fluences relevant

to satellites, the induced conductivity has slight effect. Finally, the direct

injection mechanism leads ininediately to a set of current drivers which can be used

immediately in transmission line equations to determine load response . For satellite

skin currents, in contrast , it is a much more difficult problem to estimate the

induced load response to a given threat , and the calculations are clearly more

uncertain.

The net result of the am p l i f i c a t i o n s  mentioned above is tha t  the problem

of determining a satellite ’s cable response to X—ray photons divides naturally into

three parts:

1) determine the deposition of charge in cable dielectrics
(solve the electron—photon transport problem)

2) determine the induced current (solve for the Norton—equivalent
drivers)

~~ 3) determine the response of cable loads, i.e., peak power and energy
(solve the transmission line equations)

Concerning the first point , charge deposition and electron—photon transport

for photon energies varying from 1 to 300 keV, the exponential photon attenuation

of X—rays Is generally accepted. For cables the charge deposition profiles are

obtained either from analytic treatments such as that of Dellin and MacCallum who

solve the Spencer—Levis transport using certain approximations, or simplified

t 3
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Monte—Carlo treatments such as SAl ’s POEN code. A comparison of the different

transport code results Is given in Figure 1—1 fer SANDYL , QUICKE2 (Dellin—MacCalluin) ,
and PO~2I. The maIn point is that the codes differ from one another on the order of

25% at most. In addition , the comparison between analytic (Dellin—MacCalluni), Monte

Carlo (SANDYL) and experimental electron energy and angular distributions Is quite
1)good.

The solution to finding the induced current once the charge deposition

was known was sketched by Van Lint for coaxial cables
2
~ and was generalized to

shielded multi—conductor cables by Clement, et a13~ and Chadsey, et

Essentially one applies Green ’s reciprocation theorem which states , for example,

that a charge Q, driven from a coax cable shield , will give rise to an image charge —

—Q*(~ ) on the shield where is the point where the electron stops in the dielectric ,

and is the Laplace equation solution with unit potential on the center wire.

Implicit here is the assumption of TEM propagation for lossless lines, i.e., E—fields

are normal to the cable axis, and for each element of length along the axis, the cur-
rents sum to zero for all the conductors including the shield . These conditions may be

relaxed slightly to allow for iossy lines, and a quasi—TEN propagation results.5)

The final problem, namely, the transmission line solution of either cable

bundles or coax cables, with SGEMP direct injection drivers, has not been given

much attention, though some preliminary work has been performed by L. E. Shaw and

T. J. Sheppard.6)

So far we have confined ourselves to a discussion of the phenoinenology

and analyses. Concerning the experimental testing of cables in X—ray environments

the pioneering work was done by Fit~wilson and Bernstetn.
7
~ They irradiated small

samples of cable in the Aerospace Dense Plasma Focus (DPF) which is (roughly) a
filtered 15 key blackbody source , and compared the experimental results with

analytic results generated by the TRW PIGS code. The agreement between analyses and

experiment was usually better than a factor of two, but the most interesting result

was the identification of the importance of gaps separating conductors , particularly

shield conductors, from dielectric insulation. These gaps , which are mostly

unintentional, give electrons a free ride, thus increasing the electrons ’ displacements ,

and since an electron range at these energies is less than the gap size, the amount of

image current generated depends critically on the gap size. Since Fitzwilson ’s paper ,

Aerospace (Hal, et.al.
8) has extended its work to testing semi—rigid cables , with

favorable comparisons with TRW’s MCCABE code (a multi—conductor generalization of

the PICS code mentioned above3~). Aerospace has also summarized all of its results

of the DPF testing of cables in a concise report.9~

4
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The exper 1ment~~1 e f f o r t s  m~~i t ioned above measured the common—mode current ,

r,ttl er than the individual wire current , even though some of the cables were

multi—conductor. In order  to verif y our mul t i—conduc to r  cable model which is

capable of predicting individual wire currents , we conducted tests at the Simulation

Physics facilft ies on specially prepared multiconductor cables. 3~ The agreement

betw~en measured and predicted results was quite good , and constitutes at least a

partial verification of the MCCABE code .

At thi s point , then , we can say there is a small hut growing body of in-

formation on the X — r a d i a t l o n  t es t ing  and analyses of shielded cables , both coaxial

and multi—conductor. So far as analysis is concerned , we have some conf idence

that our methodology is correct , and that the basic phys ical mechanisms have been

i dentified , at least for the response of cables in vacuum at low fluence . Concerning

the experimentation on cables , we know that a number of low fluence photon simulators

are available , we know how to design and instrument a set of cable experiments , and

obtain results in a useful form.

Since we nov believe we understand the basic mechanisms governing cable

response , we are in a position to perform sensitivity studies on direct injection

cable response. In other word s, we can now va ry both

• cable parameters

• photon source parameters

to investigate which ones are most critical in determining response. That is the

princi pal objective of this study. From the data generated in this study we would

hope to provide answers, or at least a set of suggestions , to accomp lish the

fo l lowing :
I.’.

• design of a hardened satellite cable

• determine the suitability of photon simulators for
cable and cable harness testing

The results of the sensitivity assessments and our conclusions are presented

in Section 3.0, bu t before doing this, we give a detailed discussion of the principal

output of the assessments, namely the normalized current drivers. This is done in

Section 2.0. The purpose is to make sure that these drivers are interpreted properly,

and that their connection with transmission line equations on the one hand , and experi—

mental measurements on the other , are clear .

Finally , in Section 4.0 we present a simple rule of thumb for determining

the normalized response of coaxial cables.

6 
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The assumptions under which these assessments are generated are

• the cables are in vacuum

• the  f luence is low enough that  limi t ing  effects are unimportant

The tool emp loyed to generate  the response s ens i t i v i ty  da ta  is the MCCABE
code , th e details of which have been described in reference 3.

7

___________________________  ~ ~~~~~



2 .0  DEFINITION OF THE DIRE CT INJECTION SOURCE TEEN S

2.1 Equivalent Circui t  Model for  Lossless Lines

Consider a cross section of a 8hielded multi—wire cable , as shown in the

Figure 2—1 (a).

G 
CONDUCTOR K ~ 2NORMAL 2

x-~~vs 2

e Cl2 C2~

~~~ 

~~~~~ 
K 1 

1 

C 11~~~~K 

N 

N

(a) (b)

Figure 2— 1. (a) Phenomenology of X—radia t ion Response
of Cables; (b) Equivalent Circuit
Model and Norton Equivalent Drivers

The effect of X—irradiation is to drive electrons from conducting surfaces and deposit

them in surrounding dielectric materials , thus stimula ting the ‘ low of replacement cur—

rent. The equivalen t circuit model which describes both the phenomenology of electron

deposition and conductor currents and vol tages , is shown in Fi gure 2— 1 ( b ) .  The condi-

tions under which this equivalent model are valid are as follows:

1) the electric field is derivable from a scalar potenital , i.e.,
TEN propagation;

2) the elec tron transpor t is no t f ield (vol tage) limited;

3) insula tion conductivity may be ignored , including radiation—
induced conductivity.

The basic elements of the model include N Norton equivalent drivers l(~ (in uni ts of

current per unit length), and N(N+l)/2 capacitances (capacitance/per unit length). The

simplest f o rm in which to represent the drivers is

8
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0

f  d2r ~ ~ 
(2— 1)

where

A total area enclosed by shield (including inner conductors)

= rate of volume charge deposition

= solution of 2 dimensional Laplace equation with unit
potential  on conductor i , all others grounded

If the point ~ is inside any of the interior conductors j ,  then ~i~~( )  is

by definition. These drivers Ki 
represent source terms in the lossless transmission

l ine equat ions ,

— —i w C’V + K (2 — 2)
dx

= -iwLI
dx

whe re all quantities are in the frequency domain and represent vectors or

m a t r i c e s  of dimension N , the total  number of inner wires in the multiwire model ,

and where

w 2vf
capacitance matrix defined by Q C’V

LC’ —

v cable propagation velocity, common mode

The equations would then be solved with the boundary conditions that the ratio of

current to voltage at each end of the line is given by the appropriate admittance

matrix element. If the loads themselves are dynamic (i.e., either time or voltage

dependent), then the transmission line equations are solved in the time domain.

A limiting case of interest Is the short—circuit current , or more

precisely, one end of the cable is open , the other is short. Then one can show

that for a length of cable D < < )~, where I represents the dominant wavelengths

of the driving X—ray pulse ,

I - K O
Sc

This identifies the Norton driver 1(1 
as the short—circuit current per unit length , or

the individual wire current flowing to ground through a low impedance load. In other

words the Ki can be measured direct ly .

9



For f l uen ces  of i n t e r e s t  to s a t e l l i t e s  the d r iver  K I s  d i r e c t l y  propor t iona l

to f l u x . Therefore , i t  is c’u ‘ nmarv . when measur ing  or c a l cu l a t i n g  K . to n o r m a l i z e

it to the peak flux or peak don- rate. The former is more convenient for extrapolat-

ing t o  definod environments; the latter is more convenient for measurements where the

dose rate is obtained directly from photo—diodes.

- .2 The MCCABE Code

We discuss in more detail the current drivers K
i 

and their relation to the

q’ii ~ t1ties calculated in the MCCABE code. First , we divide the integration area

in eq. (2—1) Into two parts : the dielectric area and the conduc ’iing areoi~ and appl y
-4

th e d i v e r g e n c e  theorem to the second term , a f t e r  dç tdt ~~~ been replaced by — V .

cd-’ t -i i n  i no

K
1 f  d 4 r 

~~~~

- (~~ ) —f dl i ~ 
. 

~ i ( 2 — 3 )

U C1

He re t h e  c o n t o u r  C 1 
r e f e rs to t h e  1th conduc tor ’s per imeter , and is the norma l

d i r e c t e d  - u t  of the n d i i e t u r  1. Nest , we note  tha t  the cur ren t  dens i ty  1( r ) ,  fal l s

two to three orders of m~~~u i t u R -  as the observation point moves an electron range

f r o m  t b .  conduc to r  i n to  the  b u l k .  Se t t i ng  the bulk  d i e l e c t r i c  cu~ rent  to zero , we

t~i~~€ the i r r t - n t  d . n , i t  a t  t he  I n t e r f a c e  and t reat  it  as a “y ie ld” or “emission ”

f r m  conduc tor j which Is to be deposited at discrete points ~(j). Then, in this

f o r m a l i s m

Jd
2
r ~~ 

~dep 
(~(i ) )  . . . (2-4)

U j0 r ( .j)

where 
~
1de 

( r ( j ) )  is the charge/ length  deposI ted at the point ~ ( j ) ,  having

ori g inated f rom conductor j .  (The conductor j — O  is the sh ie ld) .  But the total

charge emi t t ed  from conductor j  is the current density at the interface , Integrated

about the emitting surface

5 • 

~~~ 
dl j 

= 

~~ ~dep ~~~~~ 
(2-5)

C~ 
~ (j)

10
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I n s e r tIn g  (2-4)  and (2-5)  into (2—3) we obtain for  the current  driver

N ~ (~~(j ) ) ,  j * i
K 1 

= 

~~ ~dep ~~~ (~ (j))  - 1, j  i 
(2-6)

~=0 
~~(j ) 

j

The phenomenology developed to calculate eq. (2—6) is described in detail

in reference 3, and Is incorporated into the MCCABE code. No change has been made

in the code (with one exception : the ability to treat conductor flashing thickness ,

cf Section 3), and ft is not necessary to repeat the formalism here. Basically the

code c;ilculates 3dep using the formalism of Dellin and MacCallum , where elec trons

are emitted from a conductor with a specified energy and angular distribution.

They cross gaps , where they exist , and penetrate dielectric insulation. The Lap lace

solution in eq. (2—6) is obtained from a circular harmonic expansion of the

integral solution to the Laplace equation , followed by a matrix inversion to

obtain the expansion coefficients.

H
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3.0 ASSESSMENT OF CABLE RESPONSE SENSITIVITY

3.1 General Approach

The objectives of this assessment are two—fold . First we want to find out

what cable parameters are critical in determining the direct injection response of

cables. This information would be useful in designing a cable to minimize direct

injection cable response. Secondly, we want to see how the direct injection
response depends on photon source characteristics. This will enable one to decide

on the sui tabili ty of pho ton simula tors relative to nuclear weapons characteristics

for testing cables and cable bundles.

Concerning the first point , cable parameter sensitivity, these parameters

are the following:

• conductor materials

• conductor flashing

• number of conductors

• gap sizes , between dielectric insulation and conductors

• shield thickness

• dielectric material

• cable size

• characteristic impedance

• cable type

• cable length

• cable loads

These parameters will be discussed in much more detail in the next section. The

point we want to make is that the matrix of possible variations to determine sensitivity

is considerable. To restrict this range to something manageable there are two possible

approaches wh ich we considered . First , one could res tr ic t oneself to a small set

of satellite flight—qualified cables and analyze their response. We rejected this

approach for t’-’o reaons. First , the number of cable s in the restr icted subse t is

sti ll impossibly large. And even then , one should realize that cable manufacturers

can design a cable to meet almost any specification anyway , and therefore the

subse t may not ul timately be representative. More important is that several of

the above parameters would change in going from cable to cable , making it
difficult to see which was the more important in controlling response.

- - - 12
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The approach which we finally adopted was to define a “standard” 500

coaxial cable, and perform single parameter variations from the standard coax of

the above parameters . Although this procedure is far from complete (e.g., varying

combinations of parameters is of interest) it should give a reasonable indication

of what parameters are important in cable response. If one wants to proceed

further to designing a hardened cable, one could use these calculations as a

starting point for performing more detailed parametric assessments.

Two parameters mentioned above — cable length and cable loads — are not

considered in this assessment since they would involve a detailed specification of cable

loads , cable harness design , and cable func t ion , and this was out of scope of

our defined tasks. Accordingly, we report only the current injected per uni t length

and flux (the current drivers En Eq. 2—1).

Concerning photon source sensitivity the following parameters are of

Interest

• fluence

• waveform

• spectrum

• angle of incidence

Of these , fluence and waveform are not considered for the following reasons: we

assume tha t for f l uences of interes t to satellites the response is linear wi th

fl ux. (We will address ourselves to the validity of this assumption in a sub-

sequent report). Accordingly, we report only normalized drivers of Eq. (2—1).

Concerning waveform variations the drivers themselves follow the X—ray pulse for

the same reason. Of course, load response does not necessarily follow the pulse ,

but we have not addressed this problem.

Spectral variation of photon simulators is of primary concern. At first we

thought of using the published spectra of various simulators. However, we con-

cluded that this was impractical for a number of reasons , chief among which was the

fac t that there are such a large number of such spectra , and even several

spectra for the same simulator , depending on how it is operated and/or filtered .

We felt , therefore , tha t it would be more usefu l  to pub lish direct

injection cable response in two ways: first as a function of monochromatic photon

energy , and secondl y as a function of blackbody temperature . Concerning the first

point , suppose one is presented with an X—ray spectral distribution , U(E) wi th 4
arbitrary normalization (U(E) arbitrary unit/key); then our data may be employed

I
13
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t o  f i n d  the spectral response via

U(E) (Response (E)) dE
-‘ :- mono(Response) =

spectrum
U ( E )  dE

In a d d i t i o n , the presenta t ion of the data as a func t ion  of blackbod y tempera ture

-~h .u1d be useful In f ac i l i t a t ing  comparison wi th  nuclear threats .  We also remark

t h a t  our data  on the current  drivers is valid even if  the X—ray spectrum i tself

i s  t ime dependent .

3 .2  U n i t s  Of Direct Inject ion Response

In subsequent sections we report the normalized current drivers in

u n i t s  of C—cm/cal , i . e . ,

cu r r en t / l eng th  — A/cm — C—cm
f l ux 2 cal

cal/cm —see

This unit is convenient when the threat in cal/cm2 Is specified.

Sometimes it is useful to report the normalized responses in units of

C/rad(Si).cm

current/length A/cm C
dose rate rad(Si)/sec rad (Si) ‘cm

This unit is convenient when photodiode measurements of the source fluence are

made coincident with the cable response. Conversion factors from cal/cm
2 

to rad(Si)
are given in Table 3—1 for monochromatic photons as well as blackbody spectra.

2Table 3—1 . Conversion Factors From Cal/ cm to rad(Si)

spec trum (keY) 1 cal/cm2 is equivalent to

20 mono 1.7 x io6 
rad(Si)

30 “ 4.8x105

50 “ 1.0 x lO~
75 “ 3.7 x l0~ 

“

100 “ 1.9 x ~~ 
“
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TaI.le 3—1. Conversion Factors from Cal/cm 2 t o  rad(Si) (Contd)

spectrum (key) 1 cal/cm2 is equivalent to

150 mono 1.3 x 1O4 rad(Si)

).O blackbody Li x 10
6

7.5 “ 7.9 x l0~
10.0 5.4 x lO~
12 . 5  “ 3.8 x 1O~ 

“

15.0 “ 2.8 x lO~

3. 3 Effec f_S~~~je P4rameter Variation on Cable Response

3. ~.l Direct Injection Resj.onse of the Standard Coax

A standard N1):. coaxial cable was defined in such a way as to represent

a reasonable choice for ~‘ satellite fli ght—qualified cable. We do not mean to

fnp lv that this choice somehow represents an optimum choice of a cable , either in

term s of Its normal operation , or its direct injection response. Its physical

par.-e-ieters are defined in Table 3—2 . These parameters also represent the basic

input to the MCCABE code.

The response of this cable is plotted in FIg. (3—1) in units of (-cm/cal.

Note the minus signs indicate the response is negative. The response is seen to

be onl y mildl y dependent on black—bod y temperature .

Table 3—2. Standard 50 Coax Parameters

Materials

shield — tinned copper

core silvered copper

core Insulation — teflon

Dimens ions (cm)

shield thickness — 0.01

shield inner radius — 0.1

shield gap wid th 0.005

center conductor radius .0299

center conductor gap width 0.001

s h i e l d  f l a s h i n g  th ickness  — 0 .0002

center conductor flashing thickness — 0.0002

—- — ——i . 
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Figure 3— 1. Direct Injection &.spon.e of the Standard Coax

16



3.3.2 Direct Injection Response As A Function of Conductor Materials

In this section we discuss the response of a standard coaxial cable as

a function of conductor materials.

The assumption is that the conductor is uniform , and has no flashing.

(Flashing variations are discussed in the next section). The following possibilities

for conductor materials are felt to be reasonable for satellite cables:

• aluminum (Z — 13)

• copper (Z — 29)

• nickel (Z — 28)

• silver (Z — 47)

• tin (Z — 50)

Each has certain advantages or disadvantages relative to operating temperature

requirements for satellites , and ease of making terminations. As far as direct

injection response Itself is concerned , the smaller the atomic number of both con-

ductors, the smaller the response. Failing that , if one matches the Z’s of shield

and condu ctor core , one can have both shield and center conductor buck one another

to reduce response.

Results for the standard coax are shown in Figure 3—2. The combinations

considered are
sh ield core

1. aluminum aluminum

2. aluminum copper

3. copper ( nickel) copper ( nickel )

4. silver ( tin) silver ( tim)

5. copper ( nickel) silver (: tin)

As expected , the aluminum—aluminum coax had the lowest response , bu t even here

the lowest response for the 15 keY blackbod y spectrum, namely 4 s 10~~~ C—cm/cal ,

is only a factor of 5 lower than the copper—copper cable. Note also that if one

rep laces only the shield with aluminum, the only ef fec t  is to change the 
~~~~

of the response .

3.3.3 Direct Injection Response As A Function Of Flashing Thickness

Copper or copper alloy is most often the conducting material in satellite

cables , but it is rarely used without a coating material such as silver , nickel or

tin , to protect it against contaminant oxide layers , or to improve .older abi lity .

Unfortunately those additional layers involve higher 2 materials which emit more

17
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~~~~~~~~~~ 
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~o~ io / -
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Photon energy (keV) Blackbody temperature (keV)

Figure 3—2. Variation of Direct Injection Respon se With Conductor Material.
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electrons , thus increasing the response of the cable.

Now , the use of Dellin—MacCallunt emission efficiencies implies that the

background material is at least an electron range thick. However, manufacturers

quote minimum flashing thicknesses on the order of 40 to 50 microinches , which is

the same order of magnitude as an electron range. To remedy the si tuation we have

developed an al gori thm , based on the Spencer—Louis transport equation , which

replaces the yields from either the bulk or flashing material , by

y = y~’”) + (
~~~~ 0o) 

— y~=)) (1 — ) H (
~~ 

— pD)

where

yr’) emission efficiency (electrons/photon) from underlying conductor

y2
~”) = emission efficiency from conductor flashing

H step function

p average density of conductors

r = average electron range of conductors (g/cm 2 )

D — flashing thickness

The expression has the correct limits: (1) for no flashing , y = ~~
1

( 
(2) if the

flashing is greater than an electron range, then y = y
~ 

~~.

In Figure 3—3 we present results for the following conductor—shield
combinations

shield core conductor
bulk conductor — flashing bulk conductor—flashing

copper— tin copper—silver

aluminum — (none) copper—silver

aluminum — (none) copper

Note that the use of tin flashing is nearly equivalent to silver , and nickel is equiva-

len t to copper , since the Z ’s are about the same.

Results are shown in Figure 3—3. The amount of flashing thickness used in

the standard coax , namely .0002 cm , corresponds to about 80 micro—inches , which is

twice the minimum requirements for most satellite cables. After examining photo—

micrographs of satellite cables, this seemed to be a more realistic number. It is seen

from Figure 3—3 that the addition of 0.0002 cm of flashing to copper can increase the

response by half an order magnitude.

19
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Photon energy (key) Blackbody temperature (key)

Figure 3—3. Variation of Direct Injection leeponee W ith Conductor Flashing Th ickness
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3 .3 .4  Direct Injection Response As A Function Of The Number Of Wires In A Cable Bundle

In the calculations which we have performed here we take N insulated con-

duc tors whose dimensions are equal to the standard coax center wire (Table 3—2) and

close—pack them to form 2— or 4—wire bundles, respec tively. Either no—wrap , or single—

wrap insulation for the shield is employed whose wrap thickness is the same as the con-

duc tor insulation , and this layer is also close—wrapped around the bundle. The shield

thickness is the same as for the standard coax.

Results are shown in Figure 3—4 . The response of the individual wires of the

multiconductor cable tends to be larger than for coaxial cables , not so much

because the cable shield is larger, but because a fa irly large void exists

between the shield and the conductors, even if a shield inner liner is used.

3.3.5 Direct Injection Response As A Function Of Gap Size

In this section we discuss the response as a function of shield gap size

and center conductor gap size. Results are presented in Figure 3—5. The size of the

gap can a f fect the response by several orders of magnitude.

For bra ided cables , the variation in gap size is largely an uncontrolled

parameter , depending at least in part on the tightness of the wrap and the size of

the individual wire strands. Probably the designation of a gap size in any

analytical calculation is only accurate to ±30%. Nonetheless , the shield gap size

is the most sensitive parameter in determining response. This is because the

electrons get essentially a free ride across the gap . Since the gaps in shielded

cabl es tend to be much greater than the range of an electron penetrating a

dielectric , the response is amplified accordingly. We would say that braided

coaxial cables have gaps on the order of 1 to 3 nil thickness. Solid semi—rigid

cables are not supposed to have gaps at all, though in fact we find , after examining

photomicrographs that sometimes they do. They tend to be irregular about their

circumference , and generally less than 1/10 nil in width. Solid semi—rigids

have the smallest direct injection response of all cables.

As far as center conductors are concerned , whether for braided or semi—rigid

cables, their gaps tend to be negligible , since the dielectric is usually extruded onto them .

3.3.6 Direct Injection Response As A Function Of Shield Thickness

The results of varying cable shield thickness are shown in Figure 3—6. The

effect of the shield is to attenuate the incident X—rays . Shield thicknesses vary

significantly depending on whether or not a single or double braided shield is

; employed. The largest effect occurs at low photon energies where the absorption co—

eff icients of the conductor material are larger.
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Figure 3—6 . Variation of Direct Injection Response With Shield Thickness
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3 . 3 . 7  Direct I~j~ ction Response As A Function Of Dielectric Material

The main effect the dielectric has on the cable response is on the stopping

power of electrons which stop in the dielectric insulation , having been emitted

from the conductor. Since the stopping power in MeV/(g/cm
2) is nearly independent

of the dielectric material , then the range (in cm) is proportional to the density

of the insulat ion . For cables wi th  gaps , however , the electrons get a free ride

across the cable gap , and the extra distance traveled in the dielectric i~ of no

consequence. Therefore , one does not expect dielectric insulation to affect response

very much . These conclusions are borne out by the results shown in Figure 3—7 .

These conclusions may be modified by two considerations which we have not yet

examined . (1) If the Z of the dielectric approaches that of the conductors , then the
details of the electron transport will affect the response considerably. The present

vers 4on of the MCCABE code sets the bulk dielectric current to zero and the code will

be modified during the next reporting period to handle a bulk dielectric current.

(2) The radiation—induced conductivity of the dielectric is ignored. For I luences

of interest to satellites , this is of no consequence . A more detailed discussion

of this will follow during the next reporting period .

3.3.8 Direct Injection Response As A Function Of Cable Size

In principle the direct injection response Is proportional to cable size

providea that all dimensions are scaled linearly including gap sizes. This is shown

In Figure 3—8. Note that when the gap size is not reduced , the response stays

essen tially the same. The point is that the outside diameter of a cable is not

sufficient to judge its relative direct injection response.

3.3.9 Direct Injection Response As A Function Of Characteristic Impedance ~~- - - -

If we choose to vary the ratio of

shield inner diameter 
= 

a

conductor diameter -

this Is equivalent to varying the characteristic impedance 2
0 , since i t  is related

to —i viaS
i

a
59.945 ln a1

where K is the relative dielectric constan t of the insulation .
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Figure 3—8. Variation of Direct Injection Response With Cable Size
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Response as a function of coax characteristic impedance Z
0 

is presen ted

in Figure 3—9. One can show ~ha t the direc t injection response is essentially

inversely proportioned to In —
~~~ (see section 4.), and this expectation is realized

1w t he da t a .  I

1.3.10 Direct Injection Response As A Function Of Cable Type

Cab le hardness engineers on satellite programs select cables on the basis

~‘t their electrical performance , weight , ease of making terminations, and abil ity

tc ’  withstand satellite natural environments. From their point of view , they might

c1~is,lfv shielded cables as follows:

• number of conductors: coax or mu ltiwire

• type of shield : braid or solid (as in semi—rigid cables)

• type of braid: single or double , round or f la t

• type of insulation

• characteristic impedance

Of these , the first three are more importan t from the point of view of direct in-

jection response . We have selected six satellite cables based on the first three

categories above . The cables were sectioned and their parameters were identified .

Their response is shown in Figure 3—10. In the order of decreasing response the cables

are:
• coax , hollow semirigid

• twinax , single flat braid

• t r iax , double round braid

• coax , sing le f la t  braid

• coax , double f l a t  braid

• coax , semi—ri gid

Based on our previous resul ts  th is  pattern is not d i f f i c u l t  to understand :

1) coax cables w i l l  have smaller responses than m ult i w i r e  cables withou t shield liners

since coax gaps are much smaller; 2) the semi-rigid cable will have the least

response since i t  has the smallest gap ; 3) the th icker  the shield the smaller the

response.

3.3.11 Direct  Injection Response As A Function Of Azimuthal Angle Of Incidence

The main effect of non—normal ang le of incidence on coax response is to

increase the path length , and th erefore the attenuation of the radiation as it

passes through the coax. Response as a function of azimuthal angle I is shown in
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A) PT3—59—93; coax, double flat braid 0) 3A024—001; semiri gid coax (SRO86)

B) PT3—33N—22; coax , single flat braid E) PT3—33P—24 ; twinax, sing le flat braid

C) 3A002—006; coax, single flat braid F) PT3—53RR—l8; triax , doub le round braid

G) 3AO24—005; hollow semirigid
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Fi gure 3—10 . Variation of Direct Injection Response with Cable Type.
The Response Is the Cossnon Mode Fesponse per Wire.
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p Figure 3—li . One concludes tha t normal incidence is wors t case , so far  as the

dr ivers are concerned. Whether or not this is true for load response i~ not

clear , since a pha se delay in the drivers would have to be in troduced in the

transmission line solution and “stack ing ” of the response might occur .

3.4 Conclusions Regarding Cable and Source Parameter Sensitivity

The parameters which produced more than an order of magnitude variation

in the direct Injection response were

• flashing thickness

• number of conductors

• gap size

• shield thickness

• angle of incidence

Of these the gap size produced the most variation.

The parameters which produced less than an order of maRnitude variation

in the direc t injec tion response were

• conductor material

• dielectric material

• cable size

• characteristic impedance

• spectrum

We realize that the above statement may be m isleading since “order—of—

magnitude variation” means only that in the range witt in which we choose to vary

parameters , the most significant ones were those indicated. In principle , one

could have varied the parameters more drastically to achieve a larger variation

of response . We believe , however 1 that the range over which we varied the

parameters is representative of actual satellite cables.
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4.0 SIMPLIFIED ANALYSIS OF COAXIAL CABLE RESPONSE

We develop here a simple rule of thumb which incorporates most of the

phys ics of cable response as app lied to a coaxial cable , but without the details

of the exact treatment which the MCCABE code incorporates .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

\

The various geometrical quantities which we need are defined in the

figure. The assumptions made are as follows:

A unit flux of 1 cal/cm
2
—sec of monochromatic photons of energy E is

incident on the cable. At the points 1 through 4 the flux is attenuated by an amount

point 1: e s ~~~~s
t

point 2: e
_hi
s~~

)0s
t

poin t 3: e
_2l

~c ~~c
t
~l e Us~~~~s

t

point 4: e
_2U

c
(
~~ 0cri e~~ s~~~~~s

t

where — absorption coefficient for shield material

p — density of shield material

- 

- 
— absorption coefficient for center conductor material

— density of center conductor material

At each of the points 1 through 4 the emitted current density is given by

— Ic! Y(E) • attenuated flux
2

where Y(E) is the Dellin—MacCallum forward emission efficiency for the given conductor ,

The assumption here is that the yield is roughly independent of angle.

:. 
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The total emission current/length is obtained by multiplying the current

de n s i ties  by -r
1 or ~r 2 respectively .

The emitted electrons are assumed to cross the gap and stop there. The

appropriate Laplace solutions at the point r — r2 
— g2 and r — r

1 
+ g

~
, in the

limit that g1
/r

1 
and g~,/r 2 

1 are

i
— 

~ 
g1 ~2 1 r

( l - - ) (  + — ) + — l n —
K r 1 r 2 K

—g

~ (r +g ) — 1
1 1  r 1 1 81 

~2 1 r
2(1 - —) ( + —) + — ln —

K r 1 r2 
K

With these assumptions the short circuit current per unit length per unit flux , in

units of C—cm/cal is

—1.3 x 10 2 e~~s~~ Th st (Y 5 (E) 
~2 ( )~~~ — 

Y
~

(E)g
1(cm))

K (C_cm) - 
C l - -~

) (—i + ~a) + -
~~ ln 

x (4-1)

K r
1 r2 

K r
1

x (1 + e 2Uc(~~
0c

1
~l) E

1 (key)

The formula has the virtue of emphasizing the importance of both the

emi t t ing  materials  of each conductor and the gap sizes, through the products (Yg).

As an examp le we apply this formula to the standard coax whose dimensions

were given In Table 3—2. These results are plotted in Figure 4— 1, The agreement

is qui te  good , particularly for the blackbody spectra.
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