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SWITCHING NOTES
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AN ANALYTICAL MODEL
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ABSTRACT

A rope switch is a series connection of low~voltage spark gaps
to produce a high voltage switch. A 250 kilovolt rope switch was

constructed as part of the HAS program and experimental results were

reported in AFWL.document EMP-HAS 3-3, September 1970, pp. 51-78.

At that time, preliminary efforts to construct a mathematical model
that would reproduce the observed results were only partly success-
ful. In this note, a statistical model is developed and tested which
reproduces the earlier rope switch time jitter distributiod data.
This model now permits projections of the performance of still larger
rope switch assemblies, of the multi-megavolt class, for example,



FOREWORD

My original intent in establishing this effort was to attempt
-to tie up one of the loose ends of the HAS program. As an ex-HAS
program manager I still retain most of my technical and romantic ties
to the program. Although HAS, per se, is dead,it lives on in other
programs and many of the efforts initiated and technical predictions
made in HAS have now been fulfilled: Multi-megavolt, elevated systems
‘have been fielded; satellite simulators ave being constructed; 100 joule
per pound capacitors are standard items; atmospheric pressure, gas-
. insulated Marx generators with stresses-ekceeding 1 MV/m and densities
‘exceeding 35 joules per pound have been built and operated; distributed
pulser arrays producing tens of megavolts are being constructed; and
numerous other 1mpacts of HAS are being felt,

One of the major HAS concepts which has not been sufficiently
exploited is the airborne dipole, RES-N, One of the major technical
limitations in the past was the requirement for lighter-than-air support
systems. However, the recent developments in high density capacitors
and compact, high-density Marx generators have significantly improved
the feasibility of bulldlng a 10 to 15 MV system which would not require
lighter-than-air. The main unsolved problem is reduction of the output
switch weight. The initial HAS effort on the "rope" switch was aimed
at this problem. If the "rope" switch is feasible it w111 allow

drastic reductions in output switch welghts.
This report represents what I feel is an outstanding effort

by the authors to analyze the HAS "rope'" switch data. - It demonstrates
that the "rope“ switch is still a ‘viable concept which offers.a shot~-
in-the-arm to RES-N and significant advantages to any system which

requires the pulsers to be either flown or supported off tha.ground.a_"

Daniel M, Strlckland Capt. USAE
Air Force Weapons Laboratory
May 1973
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I. Introduction

One of the major design challenges of large practﬁcai high speed

EMP generatOré is the main high voltage switch. This.device must

switch the entire pulser voltage of several million voits with high

speed and reliability. As EMP pulser voltage specifications have

gone higher, the design of these switches has increased substantia]1y‘

in dfffieu1ty, To keep pulse risetime at a reasonab1e-ra1ue the

eTectrode gap spacing must be kept down. This requires high gas

pressures. Furthermore, at higher voltages the outside ends of the

main switch must also be capable of withstanding the applied electo- -
potentials. This requires 10nger.and bigger switches. 'High gas -
pressures and large Qo]umes do not mix well because muehjstronger
materials‘ere‘required to contain them. This mechanical requirement |

leads to even larger switch housings. Because of these factors, in

recent years these single channel high voltage switches.in EMP sysfems | (:}
have gotteh_drematicaliy larger and heavier. A specia]_ednsideration |
of increasing importance is the practical one of the degree of safety
'assocjated with using very high pressure vessels in ahy:EMP generator.

This is particularly a problem because these vessels are:made of dielectric
material which can be attacked or cracked by.hiQh’#O]tage sparks which

are always present.
Recogn1z1ng these d1ff1cu1t1es and moved by the requirement to

further reduce the bulk and weight of EMP generators, the Air Force
Weapons Laboratory several years ago 1n1t1ated efforts,toward studyjng
the feasibility of a practical cascade switch sometimes referred'to

as a ”Rbpe“ switch. This switching technique consists 5% replacing

a single Ierge,main gap with a series of smaller gaps. For example,

a one megavolt switch could be replaced by a series_string of
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twenty 50 kV switches. These first tests were succesSfel in demonstrat-
ing the praetica1 operation of a rope switch. It appeared that such a
device might bé'!ight in weight and at least equal the berformance.

of conventional uniform field gaps. The results of this first experi-
mentai effort were reported in 1970 in the "EMP High A]fitude Simulation

Technology Report: Vo]eme'3—3 Report No. 2, Section 3," entitled

'The Rope SWitch ! Th1s report descr1bes an exper1menta1 test and
-91ves performance data for a ten-stage cascade rope sw1tch operat1ng

‘at 250,000 volts. No extended attempt was undertaken at that time

to.exp]ain.the operation of the rope swffch In'faetf'varidus members
of the high. vo]tage commun1ty d1ffered as to the 1nterpretat1on and
mean1ng of the pub11shed results. |
In Januar/, 1973,. the effort reported here was. undertaken |

to review the data of the ]969 and 1970 exper1ments to. deterniine 1f a -
"theoret1ca1 mode] cou]d be e11C1ted wh1ch wouTd explain the data and

1nd1cate the pract1ca1 feas1b111ty of th]S sw1tch for use 1n Targer

EMP generators. This review of the data resu]ted 1n a tentat1ve

mode] which yields the experimental results. This analys1s has in-

_d1cated that a ‘practical rope sw1tch is. feas1b1e and wou1d have im-

portant advantages over more convent1ona1 single channe] switches.

: These advantages would be most 1mportant1y 1mproved performance,

rel1ab111ty and safety



1I.  The HAS Program Experimental Results

The origfﬁa? work on the rope switch was abcompiished in late
1969 and early 1970 and was reported in ogne of the HAS reborts. In
this early experiment, a 10 stage rope switch wés consf?ucted using .
10 individual switch stages connected in series. Eaﬁh sfage was a
25_kiToVo1t fig1d enhanced spark gap. These stages were joined in
sefieé.sd that'wfth a total of ten, a rope switch wifh'a:nohinai fir-
ing vb]tage'pf.EED kilovofts was constructed. The firing statistiés
.of an indiyidué1”gap wefe defermined and reported in the histogram
'réprodudéd.Hére'AS'Figuké_T; ‘Using substantially the-samé ramp
dfiving;§61tage-df about 420 volts per nanosecond for,eééh individual
gap, a rope sWit¢h of ten stages was test.fired fpr:agﬁumber of shots.
The breakdown §o§tage_was again plotted wfth'the resu1f§_shown'reprg-
duced in Fqure;Z; -These results were 1mﬁediate1y interesting from (:j
a'numbér of $tahdpofnts._ First, it should be nOﬁed'that enhanced | H
father thanjuhiform field gaps.were de11berate1y'us§d;fdr the indivdﬁa]
25 kilovolt gaps. Because such gaps have inherently high jitter. it
was‘believed;théf their use would make it easier to investigate whether
theré'Wés'aﬁy3imprdvement in the ététiét?éa]‘jittefibf fﬁe entire rope
7‘switch as”Cbmbgred to the individual gaps. The'ﬁesujfé‘fépértéd'ih'
Figure_é'showeé‘that thére was approximate1y‘a'factor'bf15 improvemgni
ovér_the voitage}jitter of a single gap_whehitakeh‘oh'a;felative basis.
Another'featufe.hhich was at first unexplained was that‘ﬁhf1e the:
individual mean_firing voltage 6f the separate gaps was'apprOXimatéIy
25 ki?ovo1t§; the mean firing voltage of the entiré-rope switch was

about 210 kilovolts rather than the expected 250 kilovolts. At the
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time the experiﬁentaT workrwas done, a brief statistical analysis

was also &one in an attempt to explain the experimental results. The
results of this first effort are shown 1in ngure 3. This figure is -

a plot of several probability density functions versus.horma]ized
voTtage. Curve A is a normal distribution fitted to the single switch
distribution of Figure 1. Curve B is a calculated prohabi1ity density
function for the last switch closure in a ten unit rope switch made

up of stat1st1ca11y independent gaps. Curve C is the probability
density function prediction for the entire rope switch as reproduced |
from the HAS'reporf. The difficu]ties noted at the.time7of the report
were that whereas in the exper1menta1 results the flhﬁ] peak was shifted

down from the. normallzed voltage of 1.0, the predicted resu1ts showed

a peak sh1fted up. Some improvement as expected was noted in the

standard deviation of the predicted peaks but it was not nearly as
sharp as was obsérved experimentally. These ambiguities still remained
when the'expehimental work was completed in 1970, |

The key issues in a summary evaluation of this eXperimEnt were

that the 31tter of the individual section was de11berate1y made 1arge

by - cho1ce of enhanced gaps for the individual sect1ons . The results
of the experTment then showed a relative improvement in the overa]1
jitter'of the entire rope switch. In addition, the rope sw1tch did act,
even with its enhanced gaps, as a satisfactory h1gh voitage switch.
Because the-theoreticai model reported in the paper did " not appear

to adequately explain the experimental resuilts, 1t-1ef{ uncertain the
best course of action which should be followed to optimfze the perfor-

mance of larger practical rope switches. Since that time, single gap

“high voltage switches have gotten larger-and heavier. - All of the

original advantages first attributed to the rope switch have become

-9
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'EVén more attractive. Hence, in‘1973 a decision was made at AFWL

to go back and reexamine the data with a view to éstablishihg.a‘
theoretical model which would provide a guideline for the design of -

a practical, inexpensive low jitter high voltage switch.

11



I1I. The Analytical Models

The effort to determ1ne a good analytical model for the rope
sw1tch as tested in the earlier HAS work was begun entirely anew
with a view toward estabtishing the best mode?. It was hoped that
such a model m1ght be extended by further exper1mentat10n This
effort was undertaken w1th the main objective of prov1d1ng the )
-;foundat1on for the deve1opment of a pract1ca1 rope . sw1tch for h1gh
voltage use.

Arnumberrcf different logical approaches were attempted. The
' first‘wés to 55§ume fhat the entire main rope switch ¢1dsés ‘when the o
11ast 1nd1v1dua1 gap c]oses It should be pointed out that th1s is.
in fact what must happen in the switch. However, the key~questjon_ '
that any mo@el must answer is what is the sequence'of”eVents_1eading
tc‘this iaSt'ciosure As a first choice then, a-modeT'was taken _ : (AE
: whereby it was dssumed that a11 of the. 1nd1v1dua1 gaps c1osed
1ndependent1y in a matter determ1ned only by the1r 1nd1v1dual stat1st1cs
The'quest1on then can be asked, if this 51mp1e model is correct, what
is the statfsticeT distribution of the Tast closure? Thié.particu}ar
abpreachijgnqree’the influences on adjaCent:switches ofrany switch
c]osinge- The"change of voltage on the last of'the series-gabe as a
: resu1t.of'ear1ier gap closures is also ndt'cohsidered ‘But taking a
v1ew that there may be virtue in s1mp11c1ty we can proceed a1ong these
"11nes .:';- ' ;'_ "__'_ | o
,Consideerirst*the statistice1 distributien'Of the individual

switch gap.

(1) - Fv) iJP_f(v)dv o | o oL



In equation (1) the function represented by f{v) is the'probabi]ity
density funcf{bn associated with the firing;of an individual gap at -
voltage v. The function represented by F(v) is the probaﬁi1ity-that
the gap has fired by the time a vo]tage v is reached across the gap.
_The probab111ty that all n gaps in a rope switch cons1st1ng of n gaps

have closed at a voltage v is given by equation (2).
A o
(2) S 0) = IR

He‘consider‘the cése,n = TO'With h norm&]idistribution'dbout a_normanzed
::Vn1tagé qff].05',Equatioh (2); when differentiated tOwObtaih'the corres-
:ponding‘dénsfty'function in equation (3), predicts a curve sh1fted to.
a- h1gher voTtage and with a somewhat narrower full w1dth at ha]f
maximum as shownzwn Figure 4.
@k = 8 e ™!
o dv _
_Thfs curve K(v)3§s identical to the curve in the original paper noted
in Figure 3 as Curve B. The d1ff1cu1ty 1s that wh11e it pred1cts a
somewhat harrower. d1str1but1on, it is not narrow enough when compared
w1th the exper1menta1 data. 1In addition, the mean f1r1ng vo]tage of |
the ‘rope sw1tch is pred1cted to increase from a- s1mp1e n times the
"breakdown of the single sw1tch, whereas exper1menta]“data demonstrates
a-decféase.r ' “ ' | |
' ft is trué that from a logical standpoint the robe’switch must
c?dse when:thé Tast switch closes. ‘However, our.firstfassumption of
indepéndentfd?osure'of the individual gaps has serious flaws. It can

be demonstrated that under normal circumstances afterrSeVera}fof'the

13
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~individual gaps in a rope switch have closed, the apijedlyoltage

stress on the remaining gaps will be so high as to result in their

- closure in a manner which might be quite different than would be

expected for individually operating gaps. This leads us to the next

mode1 to be cons1dered

In this model we postu?ate that the main sw1tch closes when

“the f1rst gap cToses and that the de]ay between ‘the first sw1tch

c]osure and the closure of all the other switches is S0 . short as-to
beﬁunmeasurab1e. Equation (4) represents the probability that at

?east one switch'has”c1osed by the time voltage v is reached.

@ R = 10T

In equation Q,the-quéntity.in brackets on the right hand side of the

_eqpation represents the probability that no switches have closed when

voltage v is reached.” Raising thisfquantity'to‘the-pdﬁek (n) ‘brings
it to the form where it represents the probability that no switches
have c]osed-in;aeset of N switches. One minus this quantity then is |
our function:b(v) which is the 1ntegra1.form of the,probabi1ity that
at least onejswitch has closed by voTtege v. This yiers equation (5)
which gives the probability density function that af']eest one'swjtch

has closed Byrvejtage v.

dv

SR - N
5y e = €= afly) (1R

ergufe-S'shows-a summary of our results tq_thiszpoint,. we,haye'

here the two data histograms normalized to the. same areafwhich'show

~ the fndiViduél'Switch distribution density and therdehsi%y distribution

15
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of the entire rope switch. Also shown is the normal statistical
distribution corresponding to the histogram distribution of a single

switch., Finally, G(v) is shown [from equation (5)] which is the

- distribution of the first event for a ten element idealized rope

switch.

It is c]ear from the inspection of these graphs that the choice"

 'of the first event has resulted ih a distribution dens1ty funct1on

which has shifted in the direction which is desired. ‘In fact, it is

shifted too far by approximately a factor of two. Also, it is noted

that our function G(v) has 'a smaller standard deviation which is

also expected for a correct model. However, except for these factors

-weeare not much closer with this model than with our simplest mode]

which cons1dered on]y last switch closure. At this point we make
another assumpt1on in order to carry us further
We shall interduce the hypothesis that the-meiﬁ rope. switch is

closed by some process which is started by-the"first_gep"c1osure:

 That is to say, we will treat the first gap closire as an initiating

event. This initiating event is to be handled statietica11y as an

ihdividua1 sWitch; that is, the first switch is to fire in a set of

N switches. After that we will say, for the purposes bfiour model,

~ that a second process, the details of which we w111 1eave undeterm1ned |

for the present closes the final switch.

Referring again to Figure 5, a second pointlisteuggested by these

“graphs. The use'of a standard normal distribution function’For f{v)
with its 1nf1n1te tailoffs may introduce changes in our function G{v)

. from equatton {5) which are significant to our purpose here. Figure 6

is another representatiOn of the histogram made from'tﬁe,ekperimenta]

17



data for single switch closure. To determine the effectlof.the
. functional shape of f(v) on G{v) we shall arbitrarily take thts

histogram without any smoothing whatsoever as our f(v)'and see what

is yielded bylequetion (5). The integral function F(v), obteined by'

graphfcal integration of Figure 6, is shown in Figure 7. Note thet

the un1ts of amp11tude have been chosen 50 that F{v) is normalized

toa f1na1 value’ of 1 for Targe V Subst1tut1ng-F(v) as 1nd1cated in
7F1gure 7 1nto equatton (5) gives us a G(v) which. is . shown in Figure 8.
:hAlso shown -in Figure 8 in dashed 11nes on the same norma11zed sca1e
is the h1stogram represent1ng the exper1menta1 resu?ts of the. HAS
experaments Compar1son should now be made between F1gure 5 and
Figure 8. n F1gure 5 the normalized smooth d1str1but1on function was
- used as the start1ng pownt in equat1on 5 to calculate G(v) Us1nq:-
prec1se1y the same mathemat1cs but 1nstead start1ng w1th the h1stogram
funct1on of the exper1menta1 data and then us1ng equat1on (5) a new (:}
\_ funct1on G(v) was catcu]ated as shown 1n F1gure 8. It-seems quite |

2c1ear that the b}ocky shape of our_h1stogram_funct1on'and mostlcritically
the_factuthat it goes to zero for finite values of to]tege_has an
ffmportant-effect on the shape of our final distribution function G(v).
VItrshouIdibe noted at thﬁs-point that the histogram.function shown

n F1gure 8. has been corrected for t1me of f11ght measurement d1screpan--
'_c1es that were d1scovered dur1ng our, anaTys1s of the exper1menta1 data.

In the or1g1na1 exper1ment a vo]tage probe was. attached to the Marx
generator cone at a distance back from the rope sw1tch which resu]ted

in a 2 nanosecond de]ay 1n_the 1nd1cat1on.of rope sw1tch c]osureg
‘Becausejthe_vo1tage_on the 1075ection rope switch-was.nising'at aoproxiv

mately 420'vo1ts per nanosecond per section, this resulted in an indication

18
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“PROBABILITY :

INTEGRAL DISTRIBUTION FUNCTION FROM HISTOGRAMV
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of closure bf the rope switch which was too high by 8400'v01ts fof
~ each measurement. When normalizing the scale in Figure 8, this
8400 volts was subtracted before normalization was conducted to correct
| for this effect. Even with this correction,-which had the effecf of
movihg the histogram slightly to the 1eft, we can see'that our'predictéd
curve still Ties noticeably below the experimental histogram.
“.Onecwou1d_p¢rhaps be justified in“1eaVTng'the model at this
"poinf'anq atfribhting the differences to,uncértain exberimental factors.
fhe curve G(y) is. certainly much closer than any previoﬁs mode]l.i; o
_.Howevgr,_ét;this point we-introduce a new function”h(V) WHich:th this
:experimént wélfake'to he a constant repreﬁenting thé.de1ay in:time
from the closure of the first switch until the complete main switch 7
closes. This has'the effect éf'saying that_ifrthere“ié;a finite delay
. between'the-time the first switch fires (the density‘distfibutianu
given by G(y) of FigUre~(8))aﬁd'the time when the main switch isrin
fact'b{osed?.thén'the-curve G(v) of Figure 8 should be;shiftéd t0 the
riéht by a finite voltage édrrespOnding to the'time dé1ay; Figure 9
represents an arbitrary plotting of the distance frdm;thé function G(v)
toward the rightuto.the histogram indicated'by‘the'dotted lines in
. ‘Figufe'8. It will cértainiy be noted that this prpcés§ is.quite.arbitrafy
~and has an Qnéertainty.which_is probably at ]east of the order of the

histogram widths. However, it is instructive to do this as it will

give us a measure of the supposed delay between therfirstISWitch'closure_ '

and final switch'closure'for the rope switch,_ If the'pbﬁnts in Figure 9
are replotted on .probability paper as shown in Figure 10, it is seen
~‘that they formfa‘c1dse5fit to’a‘norma1'distributfon{l-SUCh a'fft;yields_

a mean delay cbrresponding to .058 novmalized velts, with a standard

S22
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methods shQWn in equation (8).

deviation of approximately .015 normalized volts. This last figure'
is encouraging because from the very nature of the method of our
fit to the histogram in Figure 8 we can note that the histogram

automatically introduces an uncertainty of approximateiy.i_.OZ normalized

volts.

Following these considerations, we can then estimate the value

“for h by which G{v) should be shifted to the right. This process =

yields our fina11density distributipn function.H(v) showh in equation.(ﬁ).
6 KW = olv-h)

For-the pregeht_exﬁekimental resu]fs we‘estimate‘fqﬁ h;the-value_shown

in eguatibn;(7).' |

(f)-ff' : :_ -_? h = 0.058 j_IO.OZnorﬁé1izéd_v01£%.

In this expéﬁiment the sTope of the voltage wave was appﬁoximaig]y

420-volts per_hanosecond per gap. The norma]ized‘vo1£age‘sca1e-i$

1 = 250,000 vdfts. We can convert the units of equ&tioh.(?) by the

5 volts

(8) ’ 7 B - h(norma]'ized vo]ts) 2.5 x 10 '/norma']'iZEd volts
S _ o o T3 yolts o
4.2 X 10 - /nanosecond
= h(nanoseconds)

By applying this operation to equation (7) we are able to estimate
the time required for switch closure after initiation of the events

by the closure of the first switch.

(9) - h = 3.5 + 1.2 nanoseconds
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_COMPARISON OF H(v) ANDaHISTOGRAM
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iIsing the humericaT value of 3.5 nanoseconds for h and substituting
in equation {6) we can now plot our final predicted result which is-

shown in Figure 11. It is noted here that we now have a fit between

H(v) and the histogfam representing the experimental output which

is well inside the experimental uncertainty, which can be taken as

represented by the histogram bars.
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IV. VSOme Considerations Resulting From the Model

We now have a model which is rather straightforﬁérd and direct.
in its app}ication and prediction. That is to.say, if the model is
correct, the oufput of the rope switch can be predicted by assuming
thét the rope‘sﬁitch operates in the following manner. First'of all,

- a first switch gap closes as a result of a random statistical process
which is going on 1in each jndividual gap. After this. switch c1oses,
'the:entire switch'cjoses in a process which takes a finite period'of
timeﬂleothing-else need be introduced to explain the.ékberiméntal
data as‘?eportéd. N | | | |

It is usefu1 at this point to ask a number of questiohs abbut the
direction in which to ﬁroceed further. First of a]T;'ft,isquite clear
that the shape of the ¢%str1bution density of the fir%hgs:of the
rindividuai switches‘is_very important in determining how well the final
répe switch operates.' In this area, fbr once, naturé ;eéms to be
working ihrﬁuf.favqr. The most desirable situation indicated'frbm the
model is fhét the individual switch sections should havé_a sharp lower
cutoff in their density distribution functions so that-théké”ﬁs a
, vo]fage below which there is virtually no probabf]ity £hat the switch
will fire. It -is this fact which cuts off the 1ower'distribution of the
‘comp1ete'rohe éwitch. An interesting direction to éxténd the analysis
is to ask thérbréctica1 engineering question of how‘mény-sectidns-(N)
should be uéed-in a given situation to make an optimal rope-swifch._
We can give a partial indication by considering the final fohn of our

distribution function given in its comp]ete'analytic form here:

; : v-h -
(IO) S H{v) = nf{v=h) [1-—\{‘f(v) dv] -]
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It is useful to consider the effect on H(v) of N usihg'severaTr
different simple functions f(v). For purposes .of discussion, we

shall consider an interval of v of -1 to +1 which contains Virtua11y

"all of the switch closures of the individual switches. The simplest

function would be a square wave for f(v) as given in equation (11);

| _ E 0 <l
'.(]]) o fv) = {172 =lev<T
% 0 vl

. The effect of N will be to change the full width at half maximum
of - the finaTldistribution H(v)._ For this_discussioh we will gonsider'
hr=,0;. beéaysé the full width at half maximum of H(v) fsitﬁe same as
G(v),'that i5,7with no change due to h. With this inuﬁﬁnd the values

given in equ&tion (11) can be substituted in equation {10) with h =0

. and-we obtaiﬁ;eqUation (12).

(_]2)_ E = 0 ve<l
'.H(v)g = n g -.%-(1+v)j"'] l<v<l
(= 0 v>] o
where h = 0

These curves of H(v) are plotted in Figure 12 for N equals.5,

10 and 26 together with'the'origina1_prbbabi11ty density distribution

function. It can be hoted'that this function has a stép discontinuity

- with:an infihite slope at the Teft hand boundary of the original density -

‘distribution function. The width at half max OF‘the_fungtion gets

nqticeably narrower with increasing N. The peak vafue of the function
is N/2 for this simple case and the full width at half max is given in

equation (13).
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If the Funttion representing the individual switch distribution

is approximated by a half pefiod-of a sine wave, we get the results

shown in Figure 13.

A normal distributidn gives us the distr?bution_sﬁqﬁn in FiQUref

14, -Figure 15 goﬁbines these results and is the representation of the”
fu]l width at ha]f—ﬁaximum on normalized coordinates fofivarioﬁs f(V):
as a function of N, | o |

It shoquzbé emphasized that with Figure 15 the normalization
is taken so that 2 represents the interval which conta{hs.virtua11y all
of the_shots of the single gap. The,corresponding_iﬁter9é1 from
Figure 6 is (1.4;7 .6) or 0.8. ‘This means that torcohvert our exﬁéri—
mental normalized scale, say-in Figufe 11, to the scale of Figure 15
we multiply by 2/,8 or 2.5. 'Referring to Figure 11, the approximate
full width at half max of the experimental results are .08. The fitted
curve H(v)'yieids .07 so.that we w{11.take our uncertainty as going3
between'.07‘ahd ;08. Converting these vaTues'by multipjy%ng,by 2.5,
the points-aké then plotted on Figuré_is, Note théf‘they€1ie veﬁy
¢1ose to the curve_corresponding.td the inftié] squahe;distribution.i
This is not surﬁrising when one considets that'the_1niﬁiairexberimenﬁa1.
distribution;{suvery close to a sqgafé distribution: 'ﬁerhaps; ﬁhiﬁ fs

primarily because of the histogram technique used. .
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V.  Summary.

In summary_theﬁ, this review of the rope switch data and model

yields the following points:

1.

Insofar as the data indicates, the action of the rope switch

can be modeled by considering that the closure of the entire

sw1tch is initiated by one gap going stat1st1ca11y at random

in the string.
:'C1osure of the fulT rope sw1tch takes p]ace at a time after

the f1r1ng of the first sw1tch which is appr0x1mate1y constant

and.perhaps cqrresponding to roughly tw1ce the transit time

' of-the'main rope switch at the speed of']ighf
'To optimize the performance of the rope sw1tch and minimize

o J?tter one should des1gn the individual sw1tch gaps 50 that

they have two features First, that the1r individual voltage

JJtter is itself minimized to the maximum pra¢t1ca1 amount.

Second]y, it is exceedingly important, if'impOrtant gains are

fo“bé made, that there exist a sharp thkesho]d of voltage:

‘below which it is highly improbable that any sing]e'switch

_w11]ffire. It can be sald that initial evidence obtained

from the model seems to indicate that where there is a sharp

threshold below which individual switches do not fire,.
'increasihg the number of sections will improye the overall

"jittér of the rope switch. - However, if there is a soft

distribution and a'fUzzy lower threshold, tHEre may be 1ittle

‘or no improvement with 1ncreas1ng numbers of sect1ons In

Vfact the jitter may get worse

35



Further work will have to be aimed at testing the va]1d1ty
of these conclus1ons by attempting to design a rope. sw1tch made out
of individual sections which func;1on as well as poss1bTe It must
be. remembered that the data discussed here was-taken. 1n1t1a1]y wv*h '

switches wh1ch were de11berate]y made ragged in performance The

second po1nt wh1ch has to be 1nvest1gated~1s the nature of the assumed

'“:fde]ay 1nd1cated by h in. equat1on (7) above It is poss1ble that th1s

ﬁdeTay 1s not constant and that the flrxng voTtage may have other

]funct1ona1 dependenc1es wh1ch are not c]ear due to the uncerta1nty

© o of the data that was, exam1ned here
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VI, Appendix.

- An Interesting Extension of the Model.

It ié'intefesting to noie that the curve.shown for G(V)-in
Figure 8 can be reproduced almost fdentjca]]y from another more
comp1icated.functihn which introduces an additional e1ement.to.thé
7, mode] . | | . |

Consider a rope switch of n sections. We will assume that
the first sw1tch sect1on closes indicated in equation (4) above.

This then 1eaves n-1 sw1tches not fTred We shall assume that the
vo?tage dropped across the f1rst SW]tCh to fire is 1nstantaneous]y'.:
red1str1buted across the remaining sw1tches Thls_meansnthat the |
7:second 5w1tch_tq fire sees a voltage of: B

14 . V_. —_ . YT
14 . _ Vel = (Hw:) "’l‘_l :

The third switch to fire sees a voltage of:
(]5). | : Vo, = vn

The probab1]1ty that all sw1tches have closed is then the product as

fol1ows

‘W) @(W-L: -Fn) M- ) ]Lf—f.(,l*F(_%)ﬁ e

If we take'thé experiméntai values of n = 10 and F(v) from Figure 7 and
then diffehentiate Q(v) in equation. (16), we obtain a function wh1ch is
extremely cTose to the G(v) shown in F1gure 8. These two funct1ons are

compared in Figure 16.
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The close similarity of the two Functions ﬂndfeatee thetgwith
the distribution density function present 1n'thfs expehfmenf statis-
tics and voltage alone wou]d.produce a virtue11y instantaheous closure
after the first switch closes. The chief element in this model which
produces thie js the assumption of instantaneous redistribution of
veltage.efferfeach gap closes. This, of course, cannot be in accerd
hw1th experumental fact and therefore 1eaves open the quest1on of |
c1osure delay |

Th1s mode1 is best thought of as a more comp1ex exten51on of
'the steps represented by equat1on (4) in the ma1n paper Th1s extenSien
(at 1east 1ts f1rst factors) w111 be usefu] or even requ1red for. adequate
) mode11ng in s1tuat1ons where the red1str1but1on of ve]tages after each
f_separeteiSWJteh glosurewtakes place in a t]meawhjch—15“short-when compared
l.ﬁith:the time~befween individual switCh'ciosures Th1s was not, _however,

: be11eved to be the case for the. exper1ment rev1ewed here ) ': :'_“ (;f
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VII.

£lv):

h{v):

a G(V)_::.l

;H(:'v.)i :
Wy

W

oﬁéfQﬁpiin eh'N—gap"ropevswftch-hﬁSfciosed by'vthege V.

o [dv = :é(V)]‘ - - '. .(].e'

.1n an N gap rope switch clos1ng by: vo]tage v.

List of Symbols.

The probability density function for firing of an individual

gap.

.The delay from ciosure of the first gap to the closure of the

entirE'switch' May be expressed as norma11zed vo]tage or

t1me us1ng the assumed voItage ramp: ¥ = at.

'Norma11zed voltage.

Fu]] w1dth at half maximum.

."'_fThe probab111ty d1str1ubt1on funct1on of an 1nd1v1dua1 gap

'_firing by the ttme vo]tage v is reached across the gap
[a—; - f(W]

fThe=p¢6babf11ty density function of the event that at least

‘_The fana] probab111ty dens1ty functlon of rope sw1tch

c]osure as pred1cted from the mode]

1}

'The probab111ty d1str1but1on funct1on that a]];gaps in an

N- gap rope sw1tch have closed by voltage v.

The probab111ty dens1ty function of the event that all. gaps .

- 1n,an_N gap rope switch have c]osed‘by vo1tage.v,

The!probabiiity distribution function of at 1east-pne gap:

The probability distribution funct10n of rope sw1tch c?osure

as pred1cted by the alternate mode] d1scussed in the Append1x.' o ,
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