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ABSTRACT

’I‘h1s report descr1bes the manufacture of five, very fast, high

.voltage capamtors The program was -a follow-on to an earlier one in which the -

' .fundamental pr1nc1plés of th'e process were demonstrated.. The five capacitors |
| are intermediate in 31ze between the very small (1~ 1/2 1nch dlameter) early
- capamtors and the size requlred for a real system. ' '

The target characteristics of the capac:1tors are:

200 kV
4400 pF

'24-inch diameter
1-inch thick

0.01 nh

. 'Chargmg voltage

Capacity

- Physical dimensions

 Internal indu_ctanée

The limit on size of a_re_al system are. detepmined-ehtifely_by the

~ size of the Mylar sheets available. A width of 1.8 meters and any length which

& reasonable building would accommodate are the only absolute limitations.
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~ SECTION 1
" INTRODUCTON

" This section describes briefly the arguments behind the design of the

particular type of capacitor with which the program was concerned. For the

most part, it is an extract from an earlier report to the Defense Atomlc Support

' Agency on the prev1ous work on this type of ca,pa(utor

1.1 General 'Limitations on Fast Condenser Design

. We begin with a descr1pt10n of the main characteristics of the sys-

' tems for which fast condensers are 1ntended Brleﬂy, they are:

| Voltage . - 1-20 MV
Storage Capacity - 0.05-5MJ
Energy Delivery Time - 5-100 nsec

For the purposes of this section, we restrict oiirselves to systems

in wh1ch the pr1mary energy store is a condenser in something 11ke the norrna,l

. sense, and ignore transmission line storage approaches.

Most such systems are "three stage' devices., That is, the pr1rnary

- store is made up of condensers arranged in some voltage multiplying conf1gura-

'_ tion (such as a Marx). This type of capacitor can also be used in a very fast -

Marx configuration. They are charged to some relatively 1ow voltage generally '

“about 100 kV, These condensers are switched Into an auxiliary store, and this

auxiliary store'is SW1tched into the load. The speed. requlred is obtained by the -
design of the auxiliary store. It is easy to see why this system has two ad-

vantages, since we need only to hold megavolts for short times, and since ‘thls

aux111ary store can be a transm1ss1on lme and therefore very fast.

The first advantage arises from the fact that the pulse breakdown -

strength of oil (the common 1nsula,t1ng medium. for the auxiliary store) is much

- better than its dc strength at megavolt potent1als ( ) Nevertheless there re- -
5 - mains an advantage in making the primary store as fast as one can. ThlS

~ subj ect is one‘of considerable complex1ty, but the trend over the past few years .



- involved,

mafter.

_ has been for system designers to strive for the fastest prlmary store condenser

available. In part, this comes from the need for aux111ary stora.ge in water

- whose propert1es require that the primary store delxver its’ energy as fa,st as .

| possible.

‘We turn now to the present design 11m1tat10n on the rate of energy

-transfer or speed of primary- storage condensers

| 1.1.1 = The Breakdown Strength of Dielectrics

o The first limitation on speed of energy deli{rery arises from the fact
that this speed is related to the size of the condenser. The ideal con'de'nser- is

one in which the energy can be delivered at a rate limited only by the Speed of

' 11ght in the dlelectrlc medium of the condenser, and in which the energy is all

stored very close to its output terminals. Thus, it should behave asa trans-
mission line, its output terminals should be also in the form of a transmission
line, and the energy density should be as high as possible. 'F.rom these require-
ments, it is easy to see that the highest energy density requirement 1mp11es

that the highest breakdown strength is a prime need. We observe that the energy :

dens1ty in a fransmission line is glven by

e = £E 4 o712 J/cc

- .where:

€ is the dlelectrlc constant
E is the applied field strength in the dlelectrlc _
We take ¢ E2 ax 25 the figure of merit of the dielectric, where
3 'Emax is the highest. pra,ctlcal value which E cdn assume in the confzguratlon S

The value of Ernax for real dielectrics "c_ennot be described in

simple terms. The next section gives a short account of thi"s'compli,cated _



1,1,2 Area and Volume Effects on E

max

J. C. Martin(z) has shown that the breakdown etrength of dielectrics

- isa ftmetien of the area or volume of the stressed dielectric. In the case of

liquids, it is an area effect (cor_nplicated.by .hi'gher order tota,l_ voltage , gap and

time variation), For eoiids and in particula,r thin solid 'sheets of material, it
is a volume effect. His eXper1menta1 resulis for a variety of matemals used in

. fast condensers is shown in F1gure 1.

Figure 2 shows the required storage volume for mylar for a range
of energies, assuming the mylar is stressed to its breakdown value. Figure 3,
derived from Figures 1 a'n‘d"2, shows the relation between energy stora;ge and

; _'field strlength for the same conditions, We note that'in going from 300 J to

100 kJ, the breakdown strength has. decreased by a factor of 2 and the energy '

' denS1ty by a factor of 4.

The theoretical interpretatioh of these curves, of course, isno
more than a refinement of the well- known fact that the statistical distribution
of the failure point of any component has the effect of 1ower1ng the failure point
of an assembly of components, and in fact Martm s ana,lys1s follows this |
argument,
| - Another less direct and techmcal reason for prefering to use the

h1ghest breakdown strength material and conditions, of course, is that by doing

~ so we reduce the size and, therefore, the cost of a system.,

1,1.3 Edge Effects

| So far, we have considered only the intrinsic limitationis of the
tnater_ials of the condenser. Another limitation arises from the fact that all
dielectric—conductor'systems used in .condensers have edges. {We have ruled
out coaxial transmission lmes which have only ends.): |

A great deal of ‘thé know how in the de51gn of a fast condenser con- -

| '-cerns the correct treatment of the conductor edges " It is easy to se_e why this

is, if we consider a 31mp1e strip line. 'Figure 4 shows such a line, formed

from two strips o_f foil separated by a strip of dielectric fnateriai whose width
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is wider than the metal foils. If the foils are thin, their edges will have 'very
small radii and many imperfections. The field enhancement due to these edg'es :
W111 be great | R ' " ' '
Nevertheless the volume of stressed dlelectrlc will be small and
Martin's ana1y51s shows that breakdown through the dlelectrlc- at these edges

should not be as likely as one might at first imagine, The author's experience

~ with such strip lines tends to confirm this view. A hypothesis which might ex-

plain the mechanism of failure due to edges arises from the fact that streamers |
can grow rather;readiljr along the interface of two dielectrics. Thus, the first

enhancement will cause a streamer to move out from a point on the edge of one

- f011 and along the surface of the strip line dielectric. See Figure 5. A;fter the -
| .streamer has grown a 11tt1e it will produce its own field enhancement, and a '
. streamer will grow from the other foil. :As these two streamers on either side

of the dielectric move away from the foils, they produce a 'rrery large field

across the dielectric, particularly at their tips. At some point, this field is

large enough to puncture the dielectric, and the strip line falls. The author has

observed this for many simple strip lines formed of 0.005-inch copper- foils

‘and 0.020-inch mylar sheet. The strlp hnes were in air (generally wet English |

a,1r) and their mode of failure was clearly visible. Frequently, the mylar failed

about 0.5-inch from the edges of the foils., This failure occurred at voltages of

~ 5to 10 kV, which produced only a few percent of the estlmated breakdown field

in the body of the mylar. __ _
There are many ways of reducing the effect of edges in condenser '-

systems, Martin describes one in which the fields at the ‘edges are reduced by

()

the use of conducting papers or solutions, Many manufacturers of condensers

- have their own, undisclosed, techniques for mitigating this problem.

1.2 . The Effect of Cond'enser Construction on its Speed-

So fa,r the condenser has only beén considered as a strlp line with

a volume of stressed dielectric and some edges To be useful, 1t‘must also

‘have output termmals, to which output leads may be attached..
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STREAMER RUNNING
. ALONG SURFACE OF
© DIELECTRIC

Figure 5, Streamer Moving QOut From Edge of Foeil



This has its own problems. For a practical condenser, one must

- have a joint between the condenser dielectric and the output lead dielectric, -
':_ The leads may go to another condens_.er unit in the same case, or to the output .

leads of the condenser case,

In real condensers the greater part of the total ”und1str1buted”

' induc’tance is in these leads. By ' unchstrlbuted” is meant that 1nductance which

is not associated Wlth capacitance in the correct. strzp line. relatlonshlp This

1nductance acts as a lumped quantlty in the dlscharge of the condenser and pre- _

-vents the unit dlscha,rgmg as a pure transmlssmn line. It has a vital .effe_ct on

~ the speed of the condenser.

The remainder of the ”undlstrlbuted” 1nductance a,rlses frorn the .

| 'need to connect short sections of strip line in parallel in order to avoid havmg
“too long a line. For example, suppose we desngned a 10 kV 1 uF condenser
ffrom a simple strlp line, Take the operating field strength as being 500 v/mil,

a conservative value. If the foil conductor is 15 cm wide, the stripline becomes
160 nsec long. Thus, even if we discharge it into its characteristic impedance
(0.045 ohm), its discharge time would be 160 nsec, (Its output voltage would be,

of course, 5 kV.,) All other termlnatlons would result in longer discharge times. |

Thus, we cannot allow a condenser strlp line to become long electrically. The

construction, therefore, must be some form of multiple connection,
‘Rapidly, the condenser becomes, not a transmission line, but a com-

ponent with lumped constants., A great part of the secret of constructing fast

* condensers lies in the design of these multiple connections, and their feeds to

‘the output terminals,

1.3 ' High Voltage Condensers |

- The normal operating’ voltage of one winding of a fast condenser is

| _generally limited to 8 to 10 kV. The reason for this presumably arises from :

difficulties with edges and multlple.connectlons at higher voltages. Thus, a

- 100 XV condenser must be.made up of a numbér of such win_di_ngs.oonnected in

| "se_rie_s. Again, a penalty must be paid here for the many internal inductive

connections.

10 -
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Overall the figure of merit of a fast condenser can be taken to be:

~ “A typical good modern hlgh voltage condenser mlght have the f0110w~ -

Cing characterlstlcs

Operating Voltage - 80KV
_ Capacity - 9 pF
Inductance - 8 nanochenries

Figure of Merit S = 0,27 microseconds

'Such a condenser, being multiply connected in its windings, will,
behave substantially as a component having lumped circuit constants,

 If we build a large system of such units we could expect to deliver

the energy to a load in about a mlcrosecond

11
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SECTION 2
THE HIGH POTENTIAL FAST CONDENSER (HIPUF)

- We have described earlier that present fast condensers are char- -

acterlzed by being Iumped constant components, having multlple internal con-

| 'nectlons. The intrinsic strength of the dielectric material cannot be ut111zed
~for maximum energy storage because of the field intenSifi_cation"at'- the edges
 of the conduction, (This last characteristic may'become-absent from at least -
‘one condenser design.) The rest of this report describes a condenser design
- which has different characteristics from those described above, | and the first

steps toward 1ts realization.
' It is emphasmed here and it W111 be repeated later that the HIPUF

“design has special features which make it attractive for certa1_n special needs.

It is not to be regarded as a condenser in_competition with others for any but

'_these special fields,

2.1 ~ The Voiume Effect

In-Section'l 1.2, we described the. decrease in breakdown strength
of thin sheets of dielectric as the volume of stressed dielectric 1ncreases.

About ayear agod, C. Martln(z) reported measurements on Mylar films which .

-~ showed that this decrease, under certain circumstances, could be prevented,

- He showed that if one took many sheets of 0,00025-inch Mylar and

‘made a many layered sandwich with water between the sheets the pulse break-
“down strength ¢urve flattened off at about 100 nanoseconds of film., '

Martin believed that the phenomenology'of this effect arose from

- the fact that the layers of water between the Mylar fllms were effectlvely field
| ’free because of the high dielectric constant of water. It is common knowledge

that the dc breakdown strength of small ‘volumes of film increases with decreas— -

. ing th1ckness of filfm (Flgure 6). “This is probably due to the fact that avalanches

have a f1n1te length of travel before they initiate breakdown streamers and if the
thlckness of dielectric is comparable to this length an avalanche will not neces-.

sarlly initiate breakdown Thus, we see that if we use many very thm films:

12
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. separated by field free reg.ions we may retain the high strength of the thin films

in effectively thick sections. Using Martin's results we add the knowled_ge that ..

this effect can be extrapolated to large volumes. In a verbal communication,

'Martin_remark_ed that he believed that this effect was common to all thin dielec-

tric films, and arose, again, from the statistical theory of b_reakdown. It seems |
likely that if we take 20 layers, say, separated by high dielectric constants ma- .

terial, we shall retain the breakdown strength of only one layer of dielectric.’

. Note that there is probably a volume effect with the "one layer"”, but it seems

11kely to be much less violent than the volume effect with the 20. ThlS arises

from the fact that each layer can have its independent strength smce a streamer

breakdown never propagates from one layer to the rest through the f1eld free

_layer

2,2 | The HIPUF Edge Grading

We cannot take advantage of Martin's results to their fullest unless

.we can tame the edge effects. We see this immediately if we consider'the re-

sult of using, say, 100 layers of 0.00025-inch Mylar_in'an attempt to obtain high
energy density. We might hope to operate at about 3 MV /cm stress. The volt-

age across the sandwich becomes 200 kV, The stress at the edges of the con-

ductors would be tens of megavolts per centimeter,
High Voltage Engineering Corporatmn the parent of Ion Phys1cs

_Corporat1on has developed a special condenser for use in thelr Insulating Core

Transformer machines. This condenser is formed of a pressed disc of poly-

ethylene with a Rogonfskl profile def1n1ng a central energy storage area into

~ which the electrodes are applied, Figure 7 shows this condenser.

This technique allows the condenser to operate reliably at 200 kV

- chargmg voltage, although the flashover path at.the edge is only 3-inches.

“This technigue can be applied to the HIPUF- condenser by moldmg

a resin profile around the edges of the Mylar lammate

Figure 8 shows how this may be done. The choice of resin is im-

portant since it must have about the same d1electrlc constant as the Mylar be '

-stroncr electrlcally, and have good molding and handlmg propertles

'-},‘-": 14
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2.3 Feasnble HIPUF Systems

In pr1nc1p1e we can make HIPUF to'a,ny size or shape we vtrish _
 within the limitation that one dimension is no greater than 72- 1nches, which 1s _
: the W1dth of a Mylar roll, ' |

' The basic ‘capacity and energy storage is:
Capaeity per square centimeter = 6 pF for 24-1/2 mil layers
Energy storage i)er square centimeter = 0, 12 J at 200 kV

The followmg are a few capacitors which are.of future interest.

' The thlckness in all cases is 0.5-inch, which is the thmkness of the resin frame,
A, Clrcular Capa,cltor 24~ mch OD

Cc
E

i

10, 000 pF
2003

This (A) would be a Suitable substitute for the ALEC type capacitor;

increased to ARES size.

B. Circular Capacitor, Maximum Diameter 6 feet.

1l

C = 0.13 yF
E = 2.6kJ

- C., - Strip Line, 3 feet w1de 50 nsec Double Transit Tlme
' Long. .

Length = 12 feet
‘Energy Stored = 3.4 kJ

D. Maximum Width Strip Line, 6 feet wide, 50 nsec Long
| -Energy stored = T kJ.

The impedance of the strip lines is very low. For C it is 0.12 ohms, .
for D' 0.06 ohms. If we make a Marx generator of 2 MV open circuit voltage |
| _the 1mpedance will only ‘oe about 1 ohm,. This assumes, of course, that the
e ) sw1tches are chstrlbuted and ignores the problem of the 1oad return conductor

17



We conclude that the StI‘Ip line conflguratlon is of no obvious va,lue

'for Marx generators The bulk of the Marx will be hardly less than a normal '

- arrangement and the 1mpedance is so low that we cannot use it,

ThlS adds point to the descrlptlon of the HIPUF capamtor a,s a very
special capacitor, for very special uses,
The strlp line version has interesting propertles for a dlstrlbuted

- source wave launcher, Note that we may flare the line out, and transform its
- impedance at will. Little energy will be stored in the high impedance region,
and we can easily attain a 50 ohm level at the output. ¥t is ideal for a distributed’
'_switching c_:bnfigurati_on; Note too, .that its environment need be only one atmo- |

~ sphere of 8F. No pressure vessels or oil tanks are required.

18



. SECTION 3
' THE EXPERIMENTAL PROGRAM

The experimental program has been determmed largely by the

" moldlng components available at the start of the program

IPC has a number of electrodes which had been used for breakdown :

' studles in vacuum. Their use as molding components did them no harm, so it

~ was decided that their use in this program would expedite the work considerably.

These electrodes were in two sizes y 1-1/2-inch diameter and 14-inch diameter.

~ The first was well suited to a preliminary examination of the concept, and the
o '14-inoh diameter eleotrodes allowed us to make a condenser of some-val_u_e.

- The best of these was a pair of electrodes 14-inches in diameter, Th_is'deter- ’
-~ mired. the size of the capamtors o

_ The next choice of component was the high dielectric constant layer
between the Mylar sheets, This material must have a dielectric constant

greater than 20, a reasonable breakdown strength, and a conductivity as low as

- possible and certainly below 10;10 mhos/cm. In addition, it should be of a

" nature which allows us to make a void free sandwich with the Mylar Such a

material is cyanoethylsucrose, It has the followmg properties.

Dielectric Constant - - about 30
" Breakdown Strength - see Figure 6
.R_esiStivity | o - 1_012 - 1013 chm-cm
Viscosity at Room Temperature - 5x 105 ¢p |
Solubility i ' - soluble in acetone, MEK

The resin chosen to mold the edge must have a good breakdown

| -strength, high resistivity, a dielectric constant about equal to that of Mylar and

 some flex1b111ty The resin chosen was Emerson and Cummgs 1264 Styca,st

Its propertles are:

_ ._Dielectric-Constant . = 3.6- 4,0

| 1014 ohm-cm
400 v/mil
"semi-flexible"

Resistivity |
Breakdown Strength (ASA)
Mechanical Properties

19

t



Ps

ol

" masked off around the top of the profile, and the electrodes sprayed on usmg o

Figure 10,

3.1 ; ~ Laminating

- The laminating process was one which had been developed during the

earlier program. In principle it is 2 very sirnple process, but it has proved

completely édequate for the manufacturing of a limited number of units,

A photograph of the apparatus is shown in Figure 9 and a drawing in -

The Mylar 1s unrolled from the spool, 1nspected for imperfections

: a.nd secured at one end of the metal tray. A retammg barrier is lald on the
"sheet at the secured end a,nd a roller passed over the sheet from one end to the

other. By thlS means all bubbles of air are excluded from the Mylar, and a

| un1form layer of CES-Acetone solution trapped beneath the sheet 24 layers of

.1 /2 m11 Mylar were so laminated.

When the requlslte number of sheets has been laid down, the tray is

" drained of solution and the oompos1te sandwich hung up to dry. Mylar is very
permeable to Acetone, -and within two days the sandwich is ready to be made into

a capac1tor

Care was taken to exclude all foreign matter from the solution, which

'was filtered between each manufacturmg exercise, Since the Mylar was only

' exposed to the atmosphere for a short tlme (about 30 seconds) no forelgn matter

P

had tlme to settle on it, ' R

3.2 ‘The Casting Process

When the sandwich had been prepared it was cut into a circle sllghtly'

o 'larger than the 14-inch diameter electrodes. The casting process was carried

out in two stages, in molds. Figures 11 and 12 show the form of the molds.
Care was taken to exclude any bubbles, partmularly from the area

of the Rogowskl profile, by runmng repeatedly a sma11 sllver of 0. 010—1neh

: Mylar around under-the proflle

After two days the resin had hardened enough to break the mold, and

the final process of spray-coatmg the capamtor was carried out. The resin was ‘

ECCOCOAT silver paint.
: _ 20
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‘3. 3 : The Capacitor Testing

. The a,pparé,tus available for testing the capacitors consisted of a |
| sma,ll 0.25 MV Van de Graaff generator and a 585 Tektronix oscilloscope.
 Three capacitors were selected for testing. The capamtances of .
these were measured by shock exciting a resonant circuit comprised of the
. :Capacitor and a coil of calculable inductance, The-frequenby of'ringing_' was
measured using the oscﬂloscope The inductance of the coil was calculated
o from ' o ' '
0;0395ba,2n2k

L = microhenries

| - . taken from the Handbook of Physiés and Chemistry.

is the radius -

a =
) - the length
‘ ~ the number of turns, and.
-k - a function of 2a

b

'_I‘he" results of the measurements are tabulated in Table I below:

- TableI
Capat:itdr .Capacitance
~ No. 2 4440 pf
No, 5 4810 pf

No.9 - 4610 pt_
The inductance poses a few problems. If we assume that the termi-

‘nals are the edges of the conducting Bruce proflles we may use the relatlon :

. {w for an annular ring in the radial conductlon form,
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A | 2,01 X 10710 penries

1. =
r
. where
r - is the radius
- the separation, and’
or -

- the width of the ring
If we integrate this for the present capacitor, we obtain
L =-0.04 nanohenries.

This is the "internal" inductance.
_ ~ The capacitors were tested for high Voltage strength using the equip-
| .ment shown in Figures 13 and 14 The voltage was measured by a sphere gap
| filled with SF.
‘The breakdown strength of SF, was ta,l-{en from Reference (3), using the Paschen's

- Law correction for Albuquerque pressure, and another correction was made for

The spheres were 4-inches in diameter, in a Lucite enclosure,

the non uniform field, It is éstimated that the 'measu_red voltage was correct to
~about +10 percent, . ,
Two capacitors reached 200 kV without failure. One failed dui_'ing
the charging period (some two minutes). - - | | o
| " One of the remaining capacitors was put through a short circuit
| pﬁlse test. The sphere gap was set for a certain voltage with the earth side of
the gap connected to the earth side of the capacitor through approximately |
0.2 microhenries, Thus when the gap broke down at 200 kV, approx_imately
60 kiloamps passed through the circuit at peak, "a,nd it rang with a frequency of
: _14 Mc. The oscﬂloscope proved unable to write with the necessary speed to
record the rmglng, but an estimate from the length of the pulse indicated at

.,f’\_‘_".

least 10 qscﬂlatlons greater than half the initial cycle were present. Thus one - '

" breakdown could be said to be equivalent to at least b cycles,
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The capacitor was charged to approximately 200 kV and discharged. |

- 38 times, at which point it failed. An examination of the capacitor showed many--
~ fine brown discolorations in the conducting surface, indicating very uneven cur- o
~ rent flow. The mold electrode used to provide electrical contact to the conduct-

ing surface was not a very good {it due to distortion of the resin edges after.

'castin_g, ‘and it is felt that the current flow across the surface of the capacitor
‘was uneven. This had obviously led to burning of the conducting paint, and

probably to the failure at one edge, probably where the metal electrode happened
to touch near the failure point. B ‘ |
Th1s method of testmg is a very severe one, and the 1mperfect1ons

- of the electrode attachment were, with hindsight, hkely to lead to unfair test1ng

© We might conclude that the capacitor could withstand at least 200

' pulse dlscharges with greater than 25% field reversal.

An attempt’ was ‘made to measure the leakage and internal remstance
A 30 kV power supply was connected across a capacitor through a micromicro-

" ammeter, At 10 kV a current of 0,03 m1croamperes was recorded, giving a

11

resistance of 8 x 10" ohms, However, this resistance appeared to be voltage

' _sensitive,‘ going down with increasing voltage. This gave rise to the suspicion .

that the current might be due, in part at least, to corona currents, _

In addition, the measurement could not separate leakage currents -
from internal currents. The surface leakage resistance could be voltage sensi-
tive. ' ' ' | . e

It was concluded that more soplnstlcated methods would be needed

to measure these quantities.

. The power factor was measured usmg the oscﬂloscope to measure -

. the phase angle between current and voltage when the capacitor was driven by

a 10 ke signal generator. The voltage across the capacitor was applied to the' |

\'rertical deflection plates and the voltage developed across a resistor in series |

'.'W1th the capacitor was applied to the Y plates. The resultant waveform allowed

"a measurement of the power factor. However the power factor

€058 = R Cw

a7 -
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D

where R' is the series resistance, C the ca,pa,citanc.e and « the angular

_ frequency The series re51stance is merely the resistance of the conductmg

layer and cannot be more than a few ochms. Thus at any frequency less than

“about 10 Mc the power factor will be extremely small, And thus it proved that -
'the power factor was less than the measurement was capable of g1v1ng

e



~ SECTION 4 |
~ THE USES OF THE CAPACITOR

_ With most capacitors the -'system in which they are used is to a large

‘extent independent of the capacitor; for example, one may conceive of a Marx
" generator and merely indicate the capacitors as boxes. The electrical charac-

fe'risti_cs of the system will, of- cou_rse,' depend _oh the capacitors_, but the basic
design will not. o | o |

In the present case, the capacitor must be, to a gréat_extéht, the}

- system. To achieve the speed of which the capacitor is capable the capacitors

must be connected by strip lines. Thus the capacitors, connectors, switches .

- and load must be an integrated whole.
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