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I. INTRODUCTION

A ballistic missile in free flight emits continuously an enormous
volume of exhaust gases from its engine nozzle. This exhaust is trailed
behind the missile in the form of a gaseous plume. Within the earth's
atmosphere the visible part of the plume has the appearance of a long,
luminous column extending beyond the nozzle to a length of several times

that of the missile.

The plume contains a high concentration of ions and electrons. The
presence of these charged particles in the missile's immediate environment
can effectively alter the electromagnetic characteristics of the missile.
For example, if the plumed missile were to be struck by the electromagnetic
pulse (EMP) of a nuclear explosion, as illustrated in Fig. 1, the electric
current and charge induced by the EMP on the missile skin would assume

different values than if the plume were absent.

The interaction of the MX missile in free flight with an EMP has been
analyzed with a theoretical model {1]. The model employed the Titan-III missile
Plume data at an altitude of 20 kilometers and scaled to the MX missile
dimensions. The EMP waveform was assumed of the double-exponential type.

The total induced current flowing up from the plume onto the missile at the
nozzle during the EMP encounter was calculated. Fig. 2 shows one set of

the results of the calculation. The nozzle current In in the frequency

0oz
domain is here plotted versus the frequency f for broadside EMP incidence.
The incident electric field is taken to be polarized along the length of

the missile, and at a strength of 1 volt per meter.

When the missile is tested for its in-flight EMP hardness in an EMP
simulator such as ARES, it is necessary to make up for the absence of the
plume at testing with a plume simulator. One method of plume simulation is
illustrated in Fig. 3. The figure shows a missile standing upright in an
EMP simulator and struck by the simulator field. If the simulator field is
a good simulation of the EMP, then the state of affairs above the nozzle

duplicates correctly that in the in-flight EMP encounter depicted in Fig. 1.




Fig. 1.

EMP —— MX missile
D el
Pep— induced nozzle
current Inoz
exhaust
plume

Interaction of an EMP with an MX missile and its exhaust plume.
The plume picks up an electric current and injects it onto the

missile skin at the nozzle.




real part -

|
%
! o ——— imag. part .

nozzle current I . (mA/MHz)

frequency f(MHz)

Fig. 2. Nozzle current on the MX missile in the frequency domain for
broadside EMP incidence, as calculated in Ref. [1]. The
3 incident electric field is directed along the length of the

missile and of intensity 1 volt per meter.
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However, the same cannc* be said of the situation below the nozzle., Instead
of the plume, one finds here the missile's image with respect to the
simulator ground. Therefore one attempts to compensate for this difference
by connecting a plume simulator between the missile nozzle and ground, that
is, across the terminals A and B in Fig. 3. This plume simulator is to
be so designed as to deliver, in conjunction with the simulator field, a

net current to the terminal A equal to the nozzle current Inoz induced
by the EMP.

The following sections present the parametrization and synthesis of the

plume simulator.




II. PARAMETRIZATION OF THE PLUME SIMULATOR

The interaction of the EMP simulator field with the missile sets up
electric currents on the missile skin and the simulator ground. As seen at
the two terminals A and B in Fig. 3, this electromagnetic excitation of
the missile can be described by a Thévenin equivalent circuit shown in
Fig. 4. The circuit consists of an open-circuit voltage VOC and an

input impedance Zin connected in series,

Under the assumption of a perfectly-conducting simulator ground, the
input admittance Yin (= I/Zin) across the terminals A and B has been
calculated for the MX missile [1]. The results are plotted in Fig. 5. If
the terminals A and B are short-circuited, a short-circuit current

1Sc will flow from terminal B to terminal A . It is given by

]sc = voc/zin = Yinvoc e

This current has been calculated for the case of a broadside incident simulated
EMP whose electric field is vertically polarized and at a strength of 1 volt

per meter [1]. The results are plotted in Fig. 6.

In a similar fashion the plume simulator of Fig. 3 can be represented
by a Thévenin equivalent circuit between the terminals A and B , consisting
of an open-circuit voltage VS and an input impedance ZS . When the plume
simulator is hocked up to the missile during testing, the entire test system
consisting of the EMP simulator, the missile and the plume simulator is
described by the closed circuit shown in Fig. 7. The plume simulator para-
meters Vs and ZS must be so chosen that the current flowing in the
circuit -- and hence through the terminal A onto the missile -- is equal

to the nozzle current Inoz given in Fig. 2.

The circuit in Fig. 7 yields the relation

(2, + 272 )T =V +V
in s’ noz oc s

Solving for ZS , one has

S o o e s ————— e
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.03 T T T T - T T

input admittance Y;, (mho)

-02 |- real part
' —~— 1imagqg. part
-03 1 | | 1 | | | 1 |
) 2 4 6 8

frequency f (MHz)

Fig. 5. 1Input admittance of an upright MX missile relative to a

perfectly-conducting ground, as calculated in Ref. [1].
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Fig., 6. Short-circuit current flowing from ground to the MX missile

nozzle for broadside simulator EMP incidence, as calculated in

Ref. [1]. The simulator electric field is vertically polarized

and of intensity 1 volt per meter.
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where

l

7 G _ o . L , /

/l “in 1 l in ()
noz noz

and

Vq

"/l = 1.,:., (r))
noz

Z is a passive network element. 1Its real part must satisfy the requirement

of being nonnegative.

Consider first 7, | or rather its reciprocal the admittance Y

1 1

1 in
' = -a UR  ammsrigrr————— (
“HW*3 W -1 (6)
1 SC noz
From the values of 1 A and 1 in Figs., 2,5 and 6, one can
noz in sC
evaluate Y . The results are shown in Fig. 8. The most noticeable

1
feature of Y‘ is that its real part is practically nonnegative up to

nearby 10 MHz | with the negligible exception of a very small dip below 0

r

between 5 and 6 MHz. How Y] behaves above 10 MHz is here immaterial,
since the currents rnn’ and lq do not have significant components in
2 sc

this high-frequency region.

The fact that the real part of Y1 is positive in the frequency range
of interest has certain far-reaching implications. First, it implies that
Yl itself can be realized with passive network elements alone. More
important, it implies that the active element Vs in the plume simulator
equivalent circuit is really redundant. The plume simulator can be
made simply out of Yl . Only when the real part of Yl has large
negative values will h nonzero VS be needed to keep the real part of

the overall plume simulator impedance ?.q (= 21*-K,) nonnegative.

One therefore concludes that the MX missile plume simulator need
only consist of a l-port passive network parametrized by the input

admittance YS (= I/ZS) :
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admittance Y, (mho)
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— real part
- ———imagqg. part
-0l 1 WP T Rt 1 i 1
(0] 2 4 6 8

Fig. 8.

frequency f (MHz)

Admittance Y

1

as a function of frequency f.




Yin
"L "7 1 (M

The values of this admittance are given in Fig. 8. The voltage source Vs
in Fig. 7 can be chosen 0 . This is because the open-circuit voltage Voc
due to the EMP simulator field is by itself strong enough to generate the

nozzle current Inoz in the closed circuit in Fig. 7.
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[IT. SYNTHESIS OF THE PLUME SIMULATOR

One proceeds to synthesize the plume simulator input admittance Yq
defined in Fig. 8, using only lumped LRC elements. The synthesis of the

real part is first performed, followed by that of the imaginary part.

Synthesis of ReY_
S

The real part of \'q in Fig. 8 shows two peaks. It can be realized

with the lumped network circuit in Fig. 9, consisting of two resistors R1

and R, , two inductors Ll and L, , and one capacitor C, . For this

network one has

R, R,
Re Y_ = —; = + - (8)
R + (wL,)” 3 B
) ! 2wt - e
2 ke S
with
w=2nf (C))

The values of the network elements are adjusted to fit the locations, widths

and heights of the peaks. One finds that

R, = 100Q L 8 uH (10)

and that

R, = 167Q L2 = 13.3 uH C2 = 30 pF (1)
The actual and simulated values of Re Ys are plotted in Fig. 10 for

comparison. One notices a disagreement at very low frequencies. As the

frequency f approaches 0 , the actual value of Re Ys approaches 0

while the simulated value approaches a finite limit. This discrepancy,

however, is not important, since both the currents Inoz and Isc vanish

at zero frequency. One can, if one chooses, bring the simulated value of

Re Ys down to 0 at zero frequency by adding a very large capacitor in

series with L1 and R1 .

B I R i T T T E—
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S hesis of ImY
Synthesis of ImY_

The imaginary part of the input admittance calculated from the network
in Fig. 9 does not fit the actual values of Im Ys specified in Fig. 8.
Nevertheless, it is found possible to synthesize this difference by simply
adding to the original network an inductor l.3 and a capacitor 03 in
parallel, as shown in Fig. 11. One then has

The added elements do not affect the real part of Y . By choosing the values
S

L} = 53 uH C‘

]
p—
o o)
~J

o
=

(13)

one obtains a good fit between the actual and simulated values of Im Yq in
the most important frequency range between 1 and 3 MHz where the largest
current components are found. The results are shown in Fig. 12. Again,

the discrepancy at very low frequencies is unimportant.

Simulated Nozzle Current

The express purpose of the plume simulator is to deliver the correct 3

nozzle current I“O” to the missile nozzle during EMP simulator testing. §

< %

With the plume simulator made up of the passive network shown in Fig. 11, N

the simulated nozzle current is given by §

’ }

I = _-_f‘._ — 1 (1‘{0) S

noz b % sc t

l in s %
where Yin is defined by Fig. 5 and Iq by Fig. 6. The plume simulator

SC

input admittance Yq is now given by




2yl 3o mw aouejatupe jndur oyl jo 3ied KieurBewy ay3l urzI[ea1 103 HIOMIBN “TT *3T14
£
£7

hVI-lII, _ — &
2

*1ojernuts auntd

T




’ 0] T T ) SR ek SERe: | T g
r
4 L
=
E
* 0O /
/
E /
H —
/
/
/
s / mg
/
/
/
/
- —— actual -
/
I
= ——— simulated -
|
[
ST 0 | I PSR SRR R PO PR TR DM MU SRS
0 2 4 6 8 10

frequency f (MHz)

Fig., 12. Comparison between the actual and simulated values of Im Ys .

L T oy A AT PP I e Sy

ST TES, - TR, - ——




1 1 1
Y = + + j( wC, - — ) (15)
s Rl + ijl B Sl k. = 1 3 wL3
2 2 w02

The actual and simulated nozzle currents are plotted in Figs. 13 and 14 for

comparison. The agreement is good.
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IV. CONCLUSIONS

The interaction of an EMP with the exhaust plume of an MX missile and
its effects on the missile itself can be simulated during EMP simulator
testing by using a plume simulator. The plume simulator is to be connected
between the nozzle of the missile and the simulator ground, as shown in
Fig. 15a. At EMP frequencies the exact geometry of the connection is
immaterial as long as the electrical contact 1s good. The structure of
the plume simulator for a given theoretical model of the plume [1] is
determined and shown in Fig. 15b. It consists of a passive lumped network

characterized by an input impedance Zq

For an incident EMP with an electric field intensity of 1 V/m , the
peak value of the current flowing through the plume simulator is estimated
to be of order 50 mA and the peak value of the voltage across its terminals
of order 10 V . Typically the electric field intensity expected in an
EM® is of order 50 kV/m . Therefore the plume simulator should be constructed

to withstand a current of order 2500 A and a voltage of order 500,000 V .

The advantages of a plume simulator built entirely out of passive
elements are many and easy to grasp. First, there is no need to fabricate
and service current or voltage generators such as enormous charged capacitors.
Second, the delicate technical problem of synchronizing the switching-on of
these current or voltage generators with the launching of the EMP simulator
field on the missile is thereby eliminated. Third, the same passive plume
simulator can be used for different field-strength settings of the EMP

simulator,.




[ (a)

simulated EMP (\
——
f = ~— MX missile
|
simulator plume
ground simulator

ZS
CAR S A L R R R S

(b)
I ;

—1- 5

8
33uH =T 1%

N
1
I87 pF
| |
s
S3uH

o —
1004
167 Q

|

Fig. 15. Structure of a plume simulator for the MX missile.
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