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1. TINTRODUCTION

The response of a cable to X-radiation is linear with incident photon fluence
provided that the cable loads and cable impedance are non-dynamic, and the photon-
electron transport is not field-limited. When these conditions do not obtain, the
response is sublinear with fluence, and it is of interest to determine both the limit-
ing effects which are responsible for this nonlinear behavior as well as the breakpoint

where this limiting occurs.

The problem of determining a cable's response to X-ray photons divides natu-
rally 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); and (3) determine the response of cable loads
(solve the transmission line equations). The execution of the first two stegszis

*®  The

third step has been either simulated using a lumped element equivalent circuit3 or

implicit in the operation of the present generation of cable response codes.

solved directly, for example, by finite difference techniques.a The Norton drivers,
which represent the input to the transmission line equations, are linear as long as the
deposited charge is directly proportional to the X-ray flux. This is the case when
charge transport is completely determined by the collisional stopping power of cable
materials. However, as the X-ray flux increases other processes begin to modify the
deposited charge profile. In this report we will discuss three of these nonlinear
effects. The first two, field limiting in vacuum gaps and ionization effects in air-
filled gaps, occur because gaps are commonly found in braid-shielded cables. The third
effect, radiation-induced dielectric conductivity, is responsible for both limiting of
the drivers and propagation losses in the cable itself. 1In principle, the calculation
of a nonlinear driver and the solution of the transmission line problem are coupled.
This i1s because gap effects are voltage dependent and the voltage in a given section

of cable depends on the response of the entire cable including its loads, even in the

case of lossless transmission lines.

The exact value of flux at which nonlinearities begin depends on the mechan-
ism and on the particular cable's construction, e.g., gap size, dielectric material,
etc. Our approach in what follows is to define a hypothetical cable with the character-
istics of braid-shielded cables found in satellites or missiles and, then, to predict
the short circuit current per unit length of cable as a function of flux including each
limiting effect, one at a time. We will identify sensitivity parameters which affect
the onset of each process. Following that we will discuss transmission lines which are
simultaneously lossy and driven by nonlinear currents. The models which we present
will be reduced to equivalent circuit models which can be easily evaluated using a cir-

cuit analysis computer program.

e a————




2. DEFINITION OF CABLE AND X-RAY SOURCE PARAMETERS

In this section we define a hypothetical cable as well as the X-radiation
normally incident upon it. The cable is assumed to be a 500 coax with an inner shield
radius, an outer conductor radius, and a shield gap of 0.1, .0299, and .005 cm, respec-
tively. The conductors are copper and the dielectric is Teflon. Then, the total capac-
itance and inductance per unit length for the cable are 92 pF/m and 0.24 mH/m, and the
propagation velocity is 0.69 c.

The X-ray environment is specified to be monoenergetic 50 keV photons whose
total fluence is a parameter to be varied. We assume a triangular pulse waveform whose
full-width-half-maximum is 10 ns. Holding the pulse shape constant implies fluence and

flux, dose and dose rate, are proportional.

In vacuum the replacement current, or image current, tends to be proportional
to the size of the gaps in the cable.1 This is because the response is proportional
to the distance the electrons emitted from each conductor travel, and since electron
ranges in dielectrics are usually much less than gap sizes, the gap controls the
response. Therefore, in this sample problem, we ignore charge at the center conductor/
dielectric interface (where there is no gap) and take the direct injected current
source to be emission from the shield which is deposited on the dielectric surface. The
peak magnitude of the emission current source is taken as 1600(A/m)/(cal/em?), which is
based on average emission efficiencies for copper from Dellin and MacCallum,a and a

10 ns pulse risetime. Then, the emission current J(t) as a function of time is

J=JP £(v), (1)
where f(t) is the envelope of the radiation pulse whose value at the peak of the pulse
is unity. As a check we examine the linear short circuit current due to this source

for a cable in vacuum. The emission current is weighted by the ratio of the total to
gap capacitances

P =l P .40 Al

sc  C, cal/em? =

Multiplying by the pulse width of 10 ns yields a normalized response of 1.4 x 10-8

C-cm/cal, which . is consistent with both analysis and experiment.1




3. FIELD LIMITING IN VACUUM GAPS

Consider the equivalent circuit for a section of cable given in Figure 1.
The current driver Jt shown there represents transmitted charge across the shield gap
which charges up the gap capacitance Cg' But the transmitted current Jt establishes a
retarding electric field which opposes the motion of subsequently emitted electrons.
In order to estimate the fluence at which electrons will be stopped and returned to
the emitting surface, thus limiting response, we set the gap potential energy at the

end of the pulse equal to the mean initial energy of created electrons ¥,

eV = E,
- (3)

where e is the electronic charge. For the 50 keV X-rays assumed here, E for copper
equals = 42 keV (ref. 6). In the open circuit limit the total charge Qt stored in

the gap is equal to the integral of the emission current

P
F J At %)

-—C—-—— >
8

o ||
“fgo

4]

where F is the fluence level, and At is the full-width-half-maximum of the triangular
pulse. Then, the onset of field limiting will occur at

EC
F = —f 2.5 cat/en?, (5)
e JYAt
when evaluated using the parameters from the last section. This expression indicates
that the upper bound oi the linear regime decreases as the electron spectrum softens,

as the gap thickness increases, and as the emission yield increases, on account of

the field limiting effect.

An analytic expression for the current transmitted across the gap Jt can be
obtained by starting with the Vlasov equation (the collisionless Boltzmann transport
equation). Since electron transit times in a gap are short compared to typical pulse
lengths, we seek a nonrelativistic steady state result dependent on the instantaneous
gap voltage and on the photo-emission energy distribution. Since the circumference
of a gap is much greater than its width, we approximate the system by a planar diode.

Then, the electron distribution function is given by the Vlasov equation
_~+a—--0, (6)

where the deceleration due to the field build up in the gap is
-e V
&k @
m d

and V8 ie the magnitude of the gap potential difference, m is the electronic mass,

and d is the gap width.
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Figure 1. Response as a Function of Fluence of a Unit Section of Cable
Including Field Limiting of Electron Emission into the Gap.
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This ignores space charge interactions in the gap. From the theory of quasilinear

partial differential equations, total energy

ov? _ ax
2

, (8)

u=

is a constant of the motion in Eq. (6) and any function of u is a solution of Eq. (6).
We can construct the solution for the diode region 0< x <d subject to the boundary
conditions that the distribution function at the emitting surface f(x = 0, v > 0) is
known and that all particles reaching the other side have positive velocities

f(x =d, v <0) =0. The first moment of the distribution function is the transmitted

current and transforming to the energy variable we get

= p .
3 =3 f(:)fevgn(z) dE, 9)

where n(E) is the normalized energy distribution of emitted electroms.

The emission energy distribution could be found in detail from analytic trans-
port theory or Monte Carlo calculation; however, for this illustration, we take a
result from the simple X-ray induced emission theory given by Schaefer.6 The differ-

ential energy yield at normal incidence is approximately

-1
day Y4 (dE)
dY i (dE }

dE 4 \dx (10)

where uy is the linear absorption coefficient ac the incident X-ray energy for inter-
action with the i-th electron shell. Now it is known that the range varies roughly as
E2 for a number of materials. Thus, the stopping power and the differential energy
yield should vary as E and n(E) is proportional to E. This approximately linear energy
variation has been observed both in Monte Carlo calculations and experimental results.
The use of a roughly linear energy spectrum appears justified as long as photon energies
are not too near absorption edges and the Compton contribution is ignored. Figure 2
shows the distribution used in this calculation. We assume that the lower bound of the
distribution is 1 keV.

n (E)

ENERGY (keV)

Figure 2. Assumed Differential Energy Spectrum of
Electron Emission from the Cable Shield.




The peak short circuit current will be nonlinear with respect to fluence when
the integral in Eq. (9) becomes less than unity. Figure 1 shows the response versus
fluence of a unit section of cable driven by the field limiting source. The breakpoint
between the linear and nonlinear parts of the current plot is close to the 2.5 cal/cm2
level estime 1 above. The energy delivered to a 1Q load between the shield and -enter
conductor is also given in the figure. (One ohm Is essentially a short circuit compared
to the capacitive impedance.) Also plotted is the voltage built up across the dielec-
tric layer which is equal in magnitude to the voltage across the gap because of the
short circuit condition. The potential saturates at 42 kV, the voltage required to
reduce the transmitted current to zero. Note that this is equivalent to an electric
field of 6x10° V/cm in the dielectric which is more than twice the rated strength of
Teflon (2.4x105 V/em), although less than that of Kapton (2.8x10® V/cm), which is the
strongest of dielectrics used in cables. This suggests that there may be combinations
of environments and cable types for which dielectric breakdown could occur. Further

investigations of this possibility are anticipated using our detailed cable code.

To translate the abscissa of Figure 1, and similar figures which follow, from
fluence to peak flux, dose, and peak dose rate use the conversion factor 1 cal/cm2

corresponds to 108 cal/cmz-sec, 105 rad(Si), 1013 rad(si)/sec.

The time history of the short circuit current is triangular and identical to
the X-ray pulse shape in the linear regime. With the onset of limiting the latter part
is clipped off and the pulse gets progressively narrower with increasing fluence.
Figure 3 shows that the current waveform changes abruptly between 1 and 10 cal/cmz.

The triangular shape at 1 cal/cm2 shows that response was still linear at this level.
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4. TONIZATION EFFECTS IN AIR CGAPS

; When an afr-filled cable gap i{s {rradiated by X-rays, f{onfzation of the afr
results in a secondary conduction current which tends to mitigate the primary photo-
Compton current emftted from the metal surface. In order to include the air conduc-
tivity effect we will calculate the radfation-induced transient air conductivity ot the

gap and translate this into a time-dependent shunt resistance

R, - fo/(ta o“(t) 3 (1)

which is then inserted into the cable equivalent circuit shown in Figure 4. Following
the method ot Wullev and Clcmou(.T the conductivity (s calculated by solving atv-{on
rate equations for the concentrations of secondary electrons, generic posftive, and
peneric negative fons. The coefficients such as attachment rates, recombination rates,
etc., which enter the rate equatfons, and the particle mobilities are tunctions ot the
electric field in the gap. Thus, the conductivity is coupled to the rest of the cir-

cuit through the instantancous gap voltage.

The dose rate {n afr at 1 atmosphere of pressure, which {s required in the
conductivity calculations, {s 1.8x10'3 (rad(air)/sec)/(cal/em?) and includes energy
loss contributions from the primary electrons crossing the gap. The short circuit
current is shown {n Figure 4 as a function of fluence, from 1073 to 10? cal/em”. The
response s always nonlinear {n this range. Figure 5 shows the characteristic bipolar
signal of the air gap cable rvesponse. This shape can be explatned as tollows. The

em{ssion current source transfers charge across the gap; this continues until the elec-

tric tield and the conductivity {n the gap have buflt to the point where the secondary

electron current can compete with the emissfion current and discharge the potential
built up during the first part of the pulse, which leads to the sign reversal in the
current. As fluence Increases the time required for the secondary current to become
comparable to the emission current decreases. This trend can be seen {n the current
waveforms at 1073 and 107! cal/em? given {n Flgure 5. Above 107! cal/em? the current
spikes are very sharp, occuring in the tirst few nanoseconds of the radiation pulse,
and the short circuit current remains near zervo for the rest of the event. Now,
returning to Figure 4, the magnftudes of both peaks {n the short circult current have
been plotted along with the energy which would be delivered to a 1Q load. The depen-

dence {s sublinear with fluence throughout the range examined.

It should be pofanted out that a conductivity pleture of afr fontzation (s
appropriate only as long as the motfion of the secondary electrons and fons {s completely
specified by thelr mobilities. At low pressures, this is no longer true, and a coupled
solutfon of Polsson's equation and the equations of motion for particle dynamics is
required. This has been considered by Wuller in one dimension (radtal) tor coaxial
cnhlvs.R For a cable with a .0l em gap the transftion trom afr-1like to vacuum-1ike

response was found to occur near 0.1 atm,

10




FLUENCE (cal /cm?)

Figure 4. Response as a Function of Fluence of a Unit Section of Cable
Including Transient Conductivity in the Air-Filled Gap.
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5. RADIATION-INDUCED DIELECTRIC CONDUCTIVITY

Ionization of the cable dielectric can have a shunting effect on the direct
injection current resulting from a radiation-induced conductivity. This conductivity,

in general, has prompt and delayed parts
t) . . t
glt) . g pPE(L) + K Dpf £(t”) exp [~(t-t")/t] dt~° , (12)
EEO P d —

where DP is the peak dose rate and K _, Kd’ and Tt are parameters determined from short
pulsed irradiations.9 For Teflon, Kp and Kd are 1.1x1075 (mho/f)/(rad/sec) and 280.
(mho/f)/(rad) and t is 216 ns. Weingart, et 81,10 and Sullivan and Rwingll agree on
the prompt coefficient for Teflon; however, Sullivan and Ewing do not report delayed
conductivity data. In the rest of this section, we assume that the transient dielec~
tric conductivity is entirely prompt. Then, the transient resistance per length for a

uniformly irradiated dielectric has the form

R = l/Kpﬁpf(c) s (13)
where C is the capacitance per length of the cable.

In order to illustrate limiting due to dielectric conductivity alone, we
revise our model cable, eliminating the gap. Assuming that the gap has been filled
with Teflon, the shield emission current will penetrate one electron range (N7.5x10-“ cm
for 42 keV electrons) into the dielectric. The dose rate in the bulk of the Teflon is
9.8x10!'! (rad/sec)/(cal/cm?). Assuming that energy is uniformly deposited by electrons
stopping in the dielectric, the dose rate will be enhanced in the stopping region about
a factor of 50 times the bulk dose rate. Figure 6 shows the cable equivalent circuit
containing shunt resistances in the dose enhanced and bulk regions. In the short cir-

cuit case

Ve - Vb =0, (14)

and the node equations for this circuit

dv \Y
e e
Isc J + Ce at + Re ’ (15)
and
dv A/
b b
Isc Cb dt L Rb i (28}

can be solved for the short circuit current Isc’ subject to the condition that both the
current source and the inverse of the resistances (conductances) have the same time
history, i.e.,

%:T = JR = constant.

13
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The result for the short circuit current is

1 P 1 1 a
I = JPf(t) | —————— | + JPE(L) - e e, (17N
-~ 1+ (D‘;ce/n‘;cb) 1+ (c/c) 1+ (P /ifc)
where

C +¢C

K (0Pc_ + bPc,) ot
& el ""f £(t”) de” .
e b o

This expression will be useful for explaining our results. Note that the first term
follows the radiation pulse, while the second damps out as a function of accumulated

dose.

We should see evidence of dielectric conductivity, i.e., the onset of limit-
ing, when the discharging time of the enhanced region capacitance through its shunt

resistance is comparable to the full-width-half-maximum of the X-ray pulse
ReCe =~ At . (13)
Using Eq. (13) to evaluate Re at the peak of the pulse, then
.p g
1/1(1)1)e A% . (19)

Note that this dose rate 62 is enhanced by the factor f, such that 62 = f 6€ -

P
b

P
b

- 20
D 1/fl(p . (20)

Relating DP to the total non-enhanced dose D via D = D At, we obtain

For Teflon this corresponds to 105 rads (Teflon) or 0.2 cal/cm? incident.

Figure 6 shows our data for the response of the cable section obtained by
evaluating the equivalent circuit over a range of fluences. Above 2 cal/cm2 we have
plotted the magnitudes of both current peaks which are visible in the current wave-
forms. Figure 7 compares the current waveforms at several fluence levels. From the
linear (triangular) shape at 1072 cal/cm2 the current peak narrows and moves away from
the peak of the photon pulse. The second term of Eq. (17) dominates the waveform
except at very high fluence (10 cal/cm?), when it appears as an initial spike on top
of the term proportional to the X-ray pulse shape. Returning to Figure 6, note that
the break between the linear and nonlinear regimes occurs at a few tenths of a
calorie/cm2 agreeing with our prediction. Also shown on this figure are the energy
in a 192 load and the voltage developed across the enhanced region. The voltage satu-

rates at a value corresponding to an electric field of 2.6x105% V/em. As in the field

limiting case, the field in the dielectric exceeds the strength of Teflon (2.4x10° V/cm).

It is, however, not clear that dielectric breakdown strengths have any meaning when the

material is highly conductive.
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6. LOSSY TRANSMISSION LINES

| Consider a long cable which is uniformly irradiated along its length. Now
it is clear for the vacuum and air gap cases that the limited driver, i.e., the short
circuit current in an elemental section of cable, is coupled through the gap voltage
to the solution of the rest of the cable equivalent circuit. In the absence of direct
numerical techniques for the solution of the transmission line equations with non-
linear drivers, one can simulate a long cable by repeated lumped element sections in

a circuit analysis code. When the cable is long compared to the distance traveled by
a signal for the duration of the pulse, we will see a broadening of the load current
waveform because of the staggered arrival times of current from different sections of
the cable. The gap voltages, and thus the drivers, are dependent on cable length but

any nonlinearity is associated with the limiting of the driver in each elemental

section.

We wish to distinguish the above situation from propagation losses in the
cable itself. Dielectric conductivity provides a shunt path throughout the dielectric
4 volume which is at least as big as the conductivity due to X-ray dose rate in the bulk
of the dielectric. 1In this situation, as the driver from one point in the cable prop-
agates down the line,it is further dissipated in the bulk conductivity of the rest of
the cable.

To illustrate propagation losses in the load response of a long cable, con-
sider a 20 m gapless cable made of repeated sections whose equivalent circuit is anal-
ogous to that in Figure 6, along with an appropriate series inductance. The cable is
terminated at both ends in a matched 50Q load. The load response as a function of
fluence will include the effects of both limiting of the driver in each section and
dissipation along the length of the cable due to dielectric conductivity. The qual-
itative features of the response of a short 1 m cable versus the response of the 20 m
cable can be seen by comparing Figures 6 and 8. The breakpoint between the linear and
nonlinear regimes occurs around 0.1 cal/cm2 for either length. Peak current and load
energy in the 20 m case increase very slowly in the limited regime. Long cable response
has nearly saturated compared to the comparable curves in Figure 6 which show a steady

but sublinear increase in the response in the limited regime. Data are shown in

Figure 8 for two treatments of the conductivity. These correspond to using the

expression for conductivity given in Eq. (17) with and without the second term, i.e.,

delayed conductivity. Accounting for delayed conductivity does not affect the peak
load current but it does decrease load energy about a factor of 5. This difference
in energy is explained by the fact that with prompt conductivity only the cable
returns to the lossless state at the end of the pulse; but with delayed conductivity,
energy continues to be dissipated in the cable as the signal propagates to the loads

after the pulse is over. Furthermore, it was only in this 20 m cable including
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delayed conductivity where we saw a response versus fluence plot which did not increase
monotonically. The slight dip in energy centered at 6 cal/cm? was present in our cal-

culations. We speculate that some other choice of parameters would alter the magnitude
of the dip, or eliminate it. Further study is indicated to quantify the situations

under which response might decrease with increased fluence.

In Figure 9 several load current waveforms are shown. At .01 cal/em? in the
unlimited region, the current has the broadened shape characteristic of a propagated
signal, Of course, the shape is the same with and without delayed conductivity. At
10 cal/cm2 in the limited region, delayed conductivity almost completely attenuated
current from points far away from the end of the cable. The reflection apparent in
this waveform is characteristic of an open circuit at the other end of the cable. This
can be explained because the shunt impedance presented by the delayed conductivity
lowers the cable impedance below that of the load (502). Thus, the other end looks

like an open circuit.
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Figure 9. Comparison of Normalized Load Current Waveforms for 20 m
Cable at Two Fluence Levels, Showing the Effect of Limiting
by Prompt and Delayed Conductivity in the Dielectric.
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7. CONCLUSIONS

We have examined three processes which can cause the X-ray induced response

P T L ———

of a shielded cable to be nonlinear with fluence. The fluence level at which the
linear region ends and the nonlinear region begins depends on details of the particu-
lar cable geometry and materials and of the X-ray environment. Estimates for the
level at which limiting begins due to each process, based on results for the short

circuit current per length, are as follows:

Field Limiting in Vacuum CGaps: Limiting depends on the average electron

energy, the emission current per unit length per unit fluence, and the gap geometry

EC
F=—=%8 (cal/em?) ;
eJ?P At

Ionization in Air Filled Gaps: At one atmosphere of pressure air conduc-

’
i e 2y e oy

tivity leads to nonlinear response at all fluences (10'3 cal/cm2 is the lowest fluence

at which we actually performed calculations);

Radiation-Induced Dielectric Conductivity: Limiting depends on the coeffi-

cient of prompt conductivity and the dose enhancement factor

D= 1/f K, (rads) .

In addition to the limiting observed in the short circuit current, load
response is further limited by the dielectric conductivity of the bulk of the cable.
Propagation losses occur through this shunt as signals travel down the cable to its

loads. However, delayed conductivity (when present) markedly reduces load response.
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