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ABSTRACT

A short programme of work has been conducted with two ca-
pacitor banks capable of dellverlng megamp short circuit cur-
rents. The work was completed in April 1965. The aim of the
programme was to demonstrate the feasibility of generating MGs
magnetic flux densities in small volumes for times of the order

. of one microsecond, and hence to achieve. energy densities com=-

parable with those obtained by explosives but with a non-

_destructive system of reasonable repetltlon rate. With an 11
‘kJ bank the maximum field obtained in a volume of about 0.1 cc -

was 1.5 MGs and with a 60 kJ bank, the maximum field in a vol-
ume of 0.3 cc was 2.5 MGs. The design of the larger bank. is

described in detail and certain considerations relating to the.
effects of hlgh flelds on the generatlng coils are dlscussed :

1. 60 kJ Capa01tor Bank

1.1. General.

‘The well known requirements for a capacitor bank to be

- used for the type of investigation reported herein are demon-

strated by considering the ‘energy stored 1n a field generatlnq
coil fed from such a bank., -

The peak current in such a system is given approximately
by: = . : _ B ' o

In 7 - 1/2 S o B _(l)
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wheré.VO is initial bank voltage,
is total circuit resistance,
ﬂ;isxfotalidépacitanCe,

1s external circuit inductance,

H 0w
Q O ;

iscoil inductance.

The flux density B is related to current by the energy re-

- lation:
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or, to a first approximation:
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_ where v is total coil volume.

Hence,
| 2 | |
B2y « c.o N Co (4)
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To generate the maximum field in a given volume hence requires

. a resistance low compared with the dynamic impedance of the sys-

tem, an external circuit inductance which is low compared with
that of the coil and a high initially stored energy. These
Crlterla have been ‘built into the system to be descrlbed.

1.2, General Descrlptlon.'

‘The de51gn of the capac1tor bank ‘is sketched in Flgures 1

-and 2. Care has been taken in making connection to each capac—

itor to utilise the very low 1nductance of these units to the

. full. The resulting design of the strlp lines had led to an-

extremely low inductance bank, which in turn enables experi-

- ments of the type discussed later to be made with a- relatlvely
- small system.- :

1.2.1, A total of 28 capac1tors is used, with 1nd1v1dual
characterlstlcs Neols :

e

=20 uF a 15 kV
L ~ 2.5 nH
"R~ 5 mQ'

The bank is constructed in two blocks of 14~ unlts each,
the flnal characterlstlcs 1nto a w1de short circuit being

1l

C =560 uF a 15 kV

L~ 0.9 nH '

R ~ 0.5 m@2 _

Short circuit current ~ 9.0 MA

1.2,2. Current monltorlng is achleved by use of a low re- __'
. 'Slstance section in the lower line of each of the two bank
"“halves.  Each 'shunt' is constructed from. 6 brass strips, . .003"

thick, 6" wide and 6" long, giving a total measured resistance

~cof 0.126 mQ. The strips are folded (see Flgure 3) to minimise
'rlnductlve components, and the monltorlng leads are brought out
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-non-inductively in the form of a strip transmission line. The
shunts are calibrated by firing the bank into a wide short cir-=
cuit and usmng the resulting waveform to obtain cur¥rent, induc-
tance and resistance. The current deduced in this way ls'WLthin
5% of that obtained from the voltage drop across ‘the measured
shunt re51stance. :

1.3, Sw1tch1ng.

_ o To fulfll the requirements- of a low 1nductance sw1tch
which is easily replaceable, a system has been developed which
utilises the multiple breakdowns of a‘:solid dielectric in a
strip line configuration, each half of the bank being switched
separately and 51multaneously. .Details of the switch are shown
‘in Figure 4. . . S

It consists of a .00025" thick aluminium strip which acts
as a trigger electrode, sandwiched between two mylar strips
.005" and .002" thickness, the whole being assembled with a
controlled silicone grease layer, to exclude as much air as
possible, and inserted between heavily backed main line exten-
- sions.  The trigger strip is held at a voltage determined by
. the mylar thickness ratio such that each dielectric sheet is .
" equally stressed in the static condltlon. '

The trigger pulse is generated by a low 1mpedance (0.4 Q),
24" long strip line in a Blumlein conflguratlon, giving a pulse

- approximately 6 nsec long and 30 kV or so.in magnitude into -

each switch 1line impedance of about 2 f. The direction of the.
trlgger pulse is such that the potential of the trigger strip
is taken away from that of the electrode backing the thicker
-(.005") mylar. As the trigger pulse travels along the switch,
_field enhancement along the edge of the strip causes breakdown
in the .005" mylar, switching time being ©f the order of 1 ns.
Because of this finite resistive phase of the switch channel, -
the pulse continues to travel along the switch, its trailing
edge being eroded with each breakdown. ‘At each point, as the |

-~ “trigger electrode is connected to the main electrode of the

.005" mylar, overvolting of the thinner sheet occurs with sub-
sequent rupture. The energy carried by these ruptures is suf-
ficient to initiate intense shock waves which, in turn, enhance-
the original breakdown channel in the .005" mylar. The result -
is a fast multi-channel switch which may have as many as 50
separate sw1tch channels. :

.2. Field Generating Coils and Field Probes

2.1. Field Generating Coils.

2.1.1. 'Coils have been constructed from various thlck-
nesses of copper sheet (see Figure 5), each coil and its tapered
"lead-in conductors being formed from one piece of material, i.e.
without joins of any form. A single sheet of .005" mylar, made
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_ to conform to the inner surfaces of the coil and lead ins, is

S

-
E

interleaved with the main bank insulation (Figure 6). With

" those coils of higher inductance, almost the full bank voltage
of 15 kV appears initially across the coil, and field enhance-
ment at the corners formed at the junction of coil and feeds
can result in breakdown. . The coil assemblies are thus immersed
in transformer oil contained in a polythene bag surrounding
both coil and field probe.

2.1.2. A lower limit to the thickness of the coil mate-
.rial is set by joule heating. The so-called 'blow up criterion'
. | t o

relates the Action integral ~{ 1% at and sample area of cross
_ ; - o _ :

section A to quantities which are eolely a function of the ma-
terial through whlch the current I ig flowing. For copper, ap-
”prox1mately : '

2

f -_.7_..1 dt . 3.6 x 107 1) o (5)
(o ’

A

~ for the material to remain cohérent up to time t for I in
amperer t in. second and A in square centlmeter.

 We are lnterested in a value for A whlch will maintain. the__"

‘material in a coherent form for times greater than that taken
by the current to. reach its maximum value Ip. With the 60 kJ
bank and c01ls of the type used this leads to - - .

e
f.:[zdt~1o7

o]

| | (6)
‘and hence

A> 8 x 10"2'cm2_"

For example,'a coil of 1.5 cm width must have a thickness
greater than ~.021" to remain coherent up to time tpe In all

work with the 60 kJ bank, a thickness of .049" was used

This 51mple'approach is adequate for galnlng & rough idea

-iu/

of the lower limit to coil thickness and is valid for flux den—'f

'51t1es below about 2 MGs. However, at about ‘this level

(l) Thls assumes that the enerqgy coeff1c1ent of copper is o

'-llndependent of temperature up to its b0111ng point.

10
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approximate calculations show that the presence of rapidly mov-
ing vaporisation fronts begin to affect the situation and at

flux densities greater than 3 MGs the application of such joule-
“heating calculations to the metal as a whole will not be valid.

2.1.3.,  The effective load produced by thé coil assembly.

As shown in Figure 5, the lead~in conductors are tapered
from a wide bank connection to the coil. An analysis of this

‘configuration shows that the inductance and re51stance of the
'tapered sectlon may be approx1mated by.

S L Aws | ‘Jw' o o
Biaper ~ 5 ) o (7)

Whéfe diménsioné are_in cm (See Figure 5).
0 is.resistivity (@-cm)
6 is skln depth (effectlve)
The inductance of the c01l 1tself,.as$umin§ a uniform current :

dlstrlbutlon on the inside surface of the coil; is given ap-
pr0x1mately by: : :

A R o - (9

. ..c ~ ———— n -
Lco;l:- W+ r g

-To give some idea of the magnitudes involved compared with

those pertaining to the bank under short circuit conditions,

Table I gives these quantities as a function of coil width for:

ﬁ'”=_30 cm
'r =0.25 cm
§ =1.8 x 1072 cm
1 = 15 cm
-2
.5 = 3.8 x 10 cm.

12
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w Ltaper Lcoil _Rtotal
cm nH - nH nf}
0.5 l.0 3.3 - 0.73
C1.0 0.8 2.0 0.50
1.5 0.75 1.4 0.42
2.0 0.7 1.1 0.37

2.1.4. Finally, mechanical motion of the c01l during the
current pulse resulting from J x B forces produces an effective
- resistance (dL/dt) which is a functlon of time but has a max1-;.
~mum in the 1nterval 0o - tm at ty of:
- "2 _ _ , _
- dL ~_0f8 Bmtm._ £{M\mo _ L (10)
Cdae|, G4 (f)m : S

t
m

where tm'is time to peak (usec)
B, is peak flux density (MGs)
s . is metal density (g/cc)

and f(w/r) is a-function of the coil aspect ratio:

(Y = 1 w[ : 1 w]  |  . - A

1+ ¥ 1 +_F

For example, for an unbacked copper coil in which:

W'='l.5.}

r = 0.25)

A = 0.15 ) aL/dt at t ~ 1.8 mQ
B, = ;,5

#m = 1.8 /'

Thls represents the max imum dL/dt attalned during the first
_ -~ quarter cycle of current and hence, the mean effectlve value .
£y ' will be somewhat lower. :

13
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At first sight, this approach immediately suggests that

- dL/dt values can be reduced to insignificant levels by using a

suitably massive coil assembly. However, for fluk densities in
excess of 2 MGs or so, shock hydrodynamic effects become impor-
tant and the local particle velocity sets a lower limit to the
expansion velocity and hence dL/dt. At lower flux densities
and thus pressures this limit is well below that which makes
dL/dt terms significant and here backing coils with high den-
sity materials has obvious advantages, but at 5 MGs, for ex-
ample, the particle velocity is around 1.6 x 102 cm/s and the

‘resulting dL/dt for a coil with an asPect ratic of 2 will have

a lower limit of about 3.5 mQ.

. Two of the coils which gave flux densities in excess of
2.5 MGs were backed with lead, the results showing no signifi-
cant increase in peak field. This is consistent with a rough
calculation on the above lines which predicts a decrease in

dLn/dt of about 30% at most and -a consequent increase in peak

current of the order of 76L

2.2, Magnetlc Fleld Probes.

2.?.1. The design of the field probe used in'theee exper-

iments is sketched in Fig. 7. <Capacitive coupling to the probe

is kept to a minimumt and the leads taken out from the probe in

-a_manner Which reduces ‘the flux coupling-to them to a minimum.

_We.are 1nterested in measurlng rates of change of flux
denSLty which can be as high as 2 x 1012 gauss/s. Initially,
probe coils were made with effective diameters which gavé volt-
ages of a few hundred volts with these values of dB/dt. The
small physical size of these coils, which made construction

tedious, and the problem of pick-up with such relatively low -

signal levels, led to the design of Figure 7. Despite the high
voltages developed (~5 kV), ingulation was perfectly satisfac-

' tory

A typlcal coil had an effectlve area of about 0 10 cmz.and

- 3 turns providing an output voltage of 3 x 10-9 volt per gauss/s.

2.2.2. calibration. =

Accurate measurement of the'probe dimensions becomes un-
necessary if a known dB/dt is available for calibration. For

this purpose, a subsidiary calibration test set up was used:
~this, in fact, was a miniature version of the main experiment.

A 1 pF, 10 kV low inductance capacitor was switched via a cur-.
rent shunt and solid dielectric switch intec a standard and ac-’

. curately measured field generatlng loop of about 0.5 cm internal
diameter and 3.5 cm width. . The shunt was calibrated by measure-

ment-on the short circuit waveform of the test set up and from

T_the known current the axial magnetlc fleld was obtalned u51ng
: equatlon (12) glven below.r* : o

14
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2.2.3. Response Time.

The response time of the field probes is governed by the
ratio of their inductance to the impedance of the cable which
they feed. For a three turn coil on a 1/8" diameter .former,
the inductance is less than 50 nH and hence the rise time is
less than 1 ns into a 50 Q cable. This is obviously negligible
compared with a quarter period of the main bank current wave-
form. :

3. . Fleld Measurements

.3 l Wlth a knowledge of. the field probe response, graphlcal

integration of the probe voltage yields the axial magnetic
field generated within the field coil. A typical record, en-

' _larged from the original Polar01d prlnt, is shown in Flgure 8.

The field measured in. this Way may be compared with that
calculated for a uniform current density on the inner coil sur-
face, assuming no extraneous effects. Obviously, several fac-
tors may enter here: non-uniform current distribution axially,
current diffusion in the metal and the possible presence of

magnetic shocks, coil expansion due to J x B forces, and the

generation of current carrying plasma in the subsequent void
(which may to some extent offset the reduction in axial field

-produced by diffusion). . No attempt has been made to investi-
gate these effects, apart. from non-uniform current distribution

and motion of the metal as a whole. The results show no large

'_departures from the predicted values and we may draw the con-

clusion that, to a first approximation, up to about 3 MGs in

the geometries under consideration, such. effects make no signif- '

icant contrlbutlon to axial field.:

3.2 Measurements.with both 11 kJ and 60 kJ bhanks have been
combined in Figure 9. For a coil of width w and inner diameter

'_ d the axial flux density at the centre of the c011 is glven by

1.26 T

ﬁ'f-_f.B' BRI : 173 x d(g).gal.iss - ._ | _ .' (].'2) |

b{o} . _
(wz " 'dz‘),

where a(w/d) is a correctlon factor for ax1al non-uniformity of

current and is shown in Table II. This factor was determined
experimentally and it was found at the same time that the in-

~ ductance given by equation (9) was at most 10% in error.

In Figure 9, the'results'have been normalised by.plotting'
Bzg against ' ' ' S .
2172
: _.X 0&(3)
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“all coils having a diameter of 0.5 em.'

TABLE II1

wda | 1.0 | 3.0 ] 10

alw/d) | 0.80 | 0.84 0.94

~Account may be taken of the effect of coil expansion up to
time tp. To a first order, if we assume that the flux density ..
is distributed uniformly throughout the. coil volume, then if k
is the ratio of the flux den51ty to current, the increase .in d
Tat tlme tm when the current is a max1mum is glven by

: o 2,2 m t - . - S . : o
: . 10 kT p ¢ : 2 - ' _ o ,
"de' "EEEKf'.[ Lf I® () dt]dt_ . L 7'(13)2
where k is in Gs/A.
'g“v E _'.f . ¢ in g/cec.
Nt o _
‘A in cm.

. A first approx1matlon to the 1ntegral may be obtalned by
~assuming a sinusoidal current lncrease. In this case (13) be-
comes: : : s

1.2 x 10"2k213t2

84 - | - S - : w _. ___:: _:. 14y

~ where Im is the peak current in amps and tn in seconds.' The :
- resultlng correction to be applled to (12) in the case of real
‘coils varies in the cases considered from less than 1% to 6%.
. A second effect of the motion is to make the current dlstrlbu—;
tion more uniform than in the above case and hence the correc- -
-tlons in Table II should probably be reduced sllghtly. :

_'3;3{_ Energy Transfer.‘.

: For flux densities around 2.5 MGs, the energy transferred
to the. generatlng coil was typlcally about 15% of that 1n1t1a11y
‘“stored in the bank. _ L

::gif-. .~ .. For a 51mp1e R - L —~.C egircult, thls_energy.transfer.ratlo

o o is solely a function of B, where § = 2Z/R and Z = VL/C. - ‘This - -

19:_-



. enables an appfoximate estimate to be made of the effective

value of dL/dt by deducing £ and hence R from the energy stored

‘in the coil inductance at measured current maximum. The values
0of dL/dt obtained in this way may be compared with those calcu-

lated from equation (10). For example, in a typical case, di-
rect calculation from equation- (10) gave a maximum dL/dt of 1.6
m, at current peak, whereas estimation from the energy transfer .
ratio gave about 1.3 ml, the latter representing a mean effec-
tive value over the first guarter cycle of current. This rea-
sonable agreement between the two methods, even though they are

" not completely lndependent helps to increase confidence in the

approach taken to examine the behaVlour of coils in the low-
megagauss field region. :

3.4 Summary

' Partlculars of those experiments which gave the highest
flux densities have been averaged for three different coils and
the results summarised in Table IITI. Column. 4 gives the flux
densities measured by axial probe and column 5 gives the values

‘calculated from eguation (12) and the measured maximum current.

TABLE IIT
{ ). . fCOil:Inside .- Total Measuréa ' ‘Max. Flux Den51ty
UOl%Cgidth - Diameter ‘Max. Current Max. Flux calculated from .
- (cm) ~ (MA) . |. Density (MGs) Current (MGs)
0.8 0.5 2.4 | 2.51 2.60
1.0 0.5 2.75 _ .2.51 ' _ : 2.45"
1.5 0.5 3.5 ‘ 2.60 : ' 2.35

ftended-

'3.5.  Possible Future'Extensions.

There are two obvious ways in Wthh this work could be ex—"’

(a) towards hlgher flelds, using a replaceable 0011 of very

" simple construc¢tion which is destroyed every time; =

(b) "to accept lower fields but to produce them‘ln systems‘

f where the c01l surv1ves for a number of shots.

Con51der1ng the possibility of producing increased fields

' by means of condenser banks, if the effective volume of the

magnetic field is 1 cc, then the energy in the coil is 200 kJ
if the field were 7 MGs. In view of the fact that the energy
must be delivered before the coil has time to fly apart, it 1is.

~unreasonable to expect that more than 10% to 15% energy trans-

fer could be achieved. A fairly detailed analysis of the prob-

‘lem, 1nclud1ng the hydrodynamics of the coil, indicates that

with a 1 megajoule bank of advanced design a field of-7 MGs is
achievable in a volume of the order of lcc. The bank has to

20




"~ have a very low inductance and be capable of deliVeting energy'
- at the rate of about 0.5 MMW into a matched load in order to -
‘build the field up before the coil expands too much. This ap-

proach will of necessity be a single shot one, but by prefabri-
cating the very simple coil and its feed transmission line,

B several shots a day should be possible.

In addition to a reasonable rate of experlmental shots |
compared with explosive generators, the condenser approach has
the advantage that the mass of the exploding coil is small and

'f-lts energy easily dissipated. In the experiment quoted above
it has been found possible to have experlmental equipment within
‘a few inches of the coil and have it remain -intact; somethlng o

that is impossible with an explosive approach 1nvolv1ng as it
does large masses of high explosive.

The cost of such a bank will be less than £30, 000 and

‘while this is a large sum, the system can be used to produce

several thousand high field pulses as well as. d01ng other in-

teresting experiments.

With'regard to the possibility of-producihg.a multishot
field coil working in the 1 to 2 MGs range, this becomes feas-

_ible in principle if the duration of the magnetic field pulse

is reduced by a couple of ‘orders of magnitude. Up to fields of
about 1 MGs the copper on the inside of the coil does not va-

‘porise and while it will melt, as the layer is only of the

order of 2 x 10-3 cm. thick, it will cool by thermal conductlon
in a time of a few microseconds and the surface should survive,
The field at which melting sets in is independent of the dura-
tion of the pulse, but the depth of the layer melted is pulse

- length dependent. The main phenomenon destroying the coil is
the mechanical impulse given to it and this is. dependent on

pulse length. For a single pulse of duration 50 ns, the energy

‘given to a coil 1/2 em in diameter, 1 1/2 cm long, is only.

about 2 joule and providing the copper of the coil is backed by
a strong material, this energy can be easily contained without
exceeding the elastic limit of the materials. It i1s not neces-
sary to have a truly uni-directional current pulse; since the
energy deposited goes approximately as. the current squared, it
is enough that the second current pulse after the first should
be 60% or less in amplitude. The difficulty of this approach.
is that the energy must be delivered to the coil in the form of

- a high voltage pulse. The inductance of the coil with leads is

at least 3 nH and for the peak current of 1.3 MA to be estab-
lished in a sufficiently fast time a di/dt of 5 x 1013 A/s. is

‘required and this means the open circuit voltage of the gener- .

ator must be at least 150 kV. Indeed, to allow for various

- losses, the pulse generator should provide an open circuit volt-

age of about 1/4 MV with an internal impedance of 0.2 @, for a

. pulse length of the order of 50 ns. With modern techniques

such a modulator is not difficult to build and therefore the

‘construction of a multishot coil worklng at the level of 1 MGs

would appear to be. fea51ble.

21
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Summarlslng, 1t appears p0351ble to obtaln in volumes of

the order of 1 cc:
{a) pulse fields of 1 MGs, as in a multishot bench top

' system; storing about 1 kJ;

i Fa
e

(b) fields of 7 MGs, with a system using a condenser bank .
of 1 MJ, capable of being fired a few times a day,

‘and these are to be compared with:

{(c) explosive systems which should be expected to give up
to 50 MGs, with a low rate of flrlng and using hundreds of
pounds of H.E.

. While it should be stressed that the estlmates of cost are
very rough ‘indeed, it is considered that the cost per shot of

. the above systems. .are, very approx;mately

(a) £1/2 per shot;
‘(b) £20 per shot:
(c) £1,000 per shot, or morer

when averaged over a perlod of about a year s use. .
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