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I . INTRODUCTI ON

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—Ill 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 the frequency

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 affa irs above the nozzle
duplicates correctly that in the in—flight EMP encounter depicted in Fig. 1.

5
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EMP i- MX missile

/ ~~~~~~ ced n~ zIe

/ 

~~current I~~

exhaust ______

plume

Fig. 1. Interaction of an EMP with an MX missile and its exhauet plume .

The plume picks up an electric current and inj ects it onto the

missile skin at the nozzle .
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Fig. 2. Nozzle curr ent  on the’ MX miss t ie  in t ht ’ f requency domain for

broadside EMP incidence, as cal c u l a t e d  in Ref. (II . The

Incident electric field is directed along the l ength  of the

missile and of inten~itv I 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 I induced
no z

by the EMP.

The following sections present the parametrization and synthesis of the

plume simulator.

H
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II. PARAMETRIZATION OF THE PLUME SIMULATOR

The interaction of the EMP simulator field with the missile sets up

electric currents on the missil e 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 V and an

input impedance Z1 connected in series.

Under the assump t ion o f a perfectly—conducting simulator ground , the

inp ut admi tt ance V . ( l iz . ) across the terminals A and B has beenin in
calculated for the MX missile [11. The results are plotted in Fig. 5. If

the terminals A and B are short—circuited , a short—circuit current

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

I = V / Z .  = V .  V (1)
Sc oc in in oc

This curren t has been calc u la ted for  the case of a broadside incident simulated

EMP whose elec tric field is verticall y polarized and at a strength of 1 volt

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

In a similar fashion the plume simulator of Fig. 3 can be represented

by a Thévenin equivalent c i r cu i t  between the terminals A and B , consis ting

of an open—circuit voltage V and an input impedance Z5 . When the plume

simulator is hocked up to the missile during testing, the entire test system

consisting of the EMP s imula tor , the missile and the plume s imulator  is

described by the closed circuit shown in Fig. 7. The plume simulator para-

meters V and Z 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 I given in Fi g. 2.noz

The circuit in Fig. 7 yields the relation

•
(Z + Z ) I  = V  + V  (2)
in S noz oc S

Solving for Z , one has

Z
s

Z
l

+ Z
2 

(3)
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where

V I ioc/ — — -- — -
, 

— - - - — 1 ‘‘ 1 1 in I - -  Inno,. no:

and

=

no :‘ .

~ is a pass ive  ne twork  e 1 omen t . 1 t s real part must sat Is fy t lie ’ req ui remen

of being nonnegative .

Consider first /.
~ 

, or rather Its r e c i p r oc a l  th e’ a d m i t t an c e  V
1

VI in
~ 1 

= 
:‘: 

=  (6)
I se tio:~

Front t h e va 1 ties o I I , V and I i n FI gs. .‘ , S and (i , one cannoz in Sc
(V a I uat ~ 1 

ltit ~ re set I t  s are shown in Fig. 8 . The most not I ceab 1 e

f e a t u r e  of Is t h a t  Its real  part is pract icall nonnegut Eve up to

nearb y 10 M h z  , w i t h  t h e  i i cg l  t~~~i h l  e x c e p t  ion e l  .1 Very sma l I d i p b e l ow  ~
)

between S and t M h z  . h o w  V
1 

behaves above’ 10 t111z is here Imm ate r i a l

since the  c u r r en t s  r and I do not have si gn I t ’ leant components  Innoz
this high—frequency region .

The fact that the real p ar t  of ~
‘ is pos i t  V &~ in  t he  f r e q u e n cy  range

of interest has cert a in fa r — r e a c h  lug Impl i c a t i on s .  F i r s t  • It  i m pl ie s  t ha t

I tso I I can he real ized with pass ive  n et w o r k  e l e m e n ts  a l o n e .  Mor e’

important , it impi . les t h a t  the  act Eve e l ement  V in  the p1 nine s i m u la t o r

equivalent circuit is realty redundant . The p l um e  s i m u l a t o r  can be

made simply out of y • Only  when the  real part  of V has I arge

negative values will a nonzero V~ be needed to keep t h e  real  pa r t of

the overall plume simulator imp edance 75 1 + ~~~~~ nonnegat ive .

One therefore concludes that the MX m i s s i l e  plume s im u lat o r  need

on ly  consist  of a 1—port passive network parametr ized by the inpu t

admi t t an ce ‘

~~~~ 

( 1/7. )

‘S
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Yin
Il — l  

(7)
SC flOZ

The values of this admittance are given in Fig. 8. The voltage source V

in Fig. 7 can be chosen 0 . This is because the open—circuit voltage V
0

due to the EM!’ simulator field is by itself strong enough to generate the
nozzle current I in the closed circuit in Fig. 7.noz

•
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I I I .  SYNTHE SIS OF TH E PLUME S IMU LATOR

One p roceeds t o sy n thes 1~ e the plume simulator input admittance V

defined in Fig. 8, using only lumped LRC elements. The synthesis of the

real pa r t is f i r st pe r fo rmed , f ollowed by that  of the imag inary part .

is of Re

The real  pa r t o f V in  Fig. 8 shows two peaks. It can be realized

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

and R, , two inductors L
1 

and L , , and one capacitor C., . For this

netwo rk one has

Re V = 
, + -—--— -- ---— (8)

S 
RI + (wL 1Y 2 1 ~+ 

~
:

I. 2 - 

~~ 2)
w i t h

(9)

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

and heights of the peaks. One finds that

= 100 Il L
1 

= 8 uH (10)

and that

R., = l67c~ L2 = 13.3 liii C~ = 30 pF (ii)

The actual and simulated values of Re V are plotted in Fig. 10 for

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

frequency I app roaches 0 , the ac tu al value of Re V8 approaches 0

while the simulated value approaches a f i n i te limit. This discrepancy, r
however , is not important , since both the currents I and I vanishnoz Sc
at zero frequency.  One can , if  one chooses , b ring the simulated va l ue’ of
Re V down to 0 at zero frequency by adding a very large capaci tor  in

series with L1 
and R

1
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Fig. 10. Comparison between the actual and simulated values of Re Y .
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- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Sy n t h e s is  of m Y
~~~

-

The’ imag inary par t  of the  In p u t  zudml t t ane e cal cul at eel I rein the net work

in Fig. 9 does not fit the a etn a  I va 1 ut’s of 1 in V specified in Fig. 8.

N ev er t h e l e s s  • i t is found poss ibl~’ to synthes Ize’ this d it ferenc ’ 1w s I m p l y

a d d i n g  to the orig ina l  n e t w o r k  an induc tor 1. . and a ca p a c i t o r  C In

p a r a l l e l  as shown In Fi g. 11 . Oflt’ then has

_ u 1
1 

— 
(~~~~~~

-

~~ 

- 

~~ 
) 

•flu \ = -
~

-- — - -
, + - - —--— - - — - 4- • • ‘ ( _  — ( 121

S .- -- -)  I+ ( , .I.~~1 IR~ -I 
I~~

I 1 —

The added ~‘ I ement s do not at  fec  t t h e ’ real  pa r t  of I . Pv choosing the  v a lue s

= ~t ti l l C~ = 187 p F ( I l l

one o b t a I n s  a good i t  between t h~’ act  ua I and s i m u l a t e d  v a t  tics of I in V in

the most important frequency range b etween  I and 1 M h z  where the largest

current components are found . The r esul  t s are shown in Fi g. I 2 . AgaIn ,

the discrepancy at Very low frequencies is unimportant .

S i m u lat e d  N o ’z l e  C u r r e n t

The express purpose of the  plume s i m u l a t o r  is to del  ivt ’r t h e  cor rec t

nozzle current I to the missile no:: Ic thur in~ F.MP s m ci i ator test in t ~.noz
With the plume simulator made up of the passive network shown in Fig. ii ,

the simulated nozzle current is given by

V
5I = - -- - - 

—
- I (1~~)

no: \~ + \ scen s

whe re is de f ined  by Fi g. S and I by Fit~. (~ . The p lume simu l a to r
Input  admi t t ance  V Is now given by

2 1
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—-

= 
R~ + JuL1 

+ 
R
2 
+ j  
(~

L
2 

- 1 )  
+ wC

3 
- 
~~~ 

) (15)

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

comparison. The agreement is good.

r

r
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Fig. 13. Comparison between the actual and simulated values of the

nozzle current : real part.
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IV. CONCLUSIONS

The interaction of an EMP with the exhaust plum e of an MX missile and

its effects on the missile itself can be simulated during EM!’ 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. l5a. At EMP frequencies the exact geometry of the connection Is
immaterial as long as the electrical contact is good . The structure of

the plume simulator for a given theoretical model of the plume El ) is

determined and shown in Fig. 15b. It consists of a passive l umped network

characterized by an input impedance Z

For an incident EM!’ with an electric field intensity of 1 V/rn , the

peak value of the current flowing through the plume simulator is estimated

to he of order SO 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 ky/rn . Therefore the plume simulator should he 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 F.MP simulator

field on the missile is thereby eliminated . Third , the same passive plume

simulator can be used for different field—strength settings of the EM!’

simulator.
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Fig. 15. Structure of a plume simulator  for  the Mx miss i l e .
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