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Abstraqﬁ

Two half-banks of 250 kJ each are discharged into a double-fed
coil. This design allows the high frequency of about 90 KHz and
a better symmetry of the magnetic field configuration.

The experiment can be run with partial energy (steps of 20% of

the maximum), where for every possible energy step the feed of

the current is axisymmetric with respect to the minor axis for

a linear coil and point symmetric for a single fed torus. Making
the collector width eanal to the coil length in the linear case,
any change from a linear coil to a toroidal one will be relatively
easy. The geometrical design of the installation was governed by
these features.

In order to get close package of the load cables at the 1oad plug
in contacts were developed.

The arrangements of the complete installation and the auxiliary
units, which were determined by the spetial conditions, are des-
cribed, The experiment is equivped with 2 premagnetisation bank
and a Theta-Pinch vpreionis2tion unit.

The assembling of the hanlks and, in some cases the manufacture of
some components has supervised with the aid of job planning tech-

nigues.

The experince with these technicues will be discussed.




The main data of the installation are:

Bank

Voltage

Peak current
Frequency

Peak flux density

Initial rise of
flux density

Coil length
Coil bore diameter

2 x 250 kJ
2 x 40 kV
7,1 MA
90 KHz
89 K@

50.5 kg//us

100 em
10 ecm
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2.3

Introduction

This report is on 2 new fast capacitor bank of Theta—Pinch
experiments in the Institut fiir Plasmaphysik in Garching.
The installation has now been fini shed and is now in

operation.

Requirements and their consequenses

The special disposition of the installation and the mecha-
nical design of the single components, were strongly in-
fluenced by the requirements of the experiment:

The installation should be able to feed two different loads,
namely a linear coil and a toroidal one for which the in-
stallation should be able to be changed with parably small

exp enses.

The required fast current rise in the linear experiment
(discharge frequency about 100 kHz) is achieved by series

connection of two bankhalves. The coil will be double—fed

in this arrangement, the two bank halves being arranged
symmetrically with respect to the coil axis.

The double fed coil has the advantage of a better magnetic

field symmetry.

With respect to a Limpus-experiment it was required, that
the two bank halves should be divided into fifths. The bank
is charged via 2 x 5 disconnecting switches; the triggering
of the start gaps and the crowbar gaps reaquires 2 x 5 sub-
master gaps and 2 x 5 Marx-generators respectively.

The coil is fed via 2 x 5 precollectors in such a way that,
even for partial performance of the bank halves, a
symmetrical feed results for the linear coil as well as for
the torus. An interlocking system controls that both bank
halves operate at equal partial energy and furthermore is
symmetrical feed of the coil.

The reaquirements concerning.operation at partial energy
determines the technical outlay of auxiliary equipment and
control system.
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The possibility mentioned of chonging the exveriment

from a linear to a toroidal coil is easily given since
the collector width corresponds to the coil length. A1l
20 precollectors have the same form, thus for a change

of the coil only the transition between precollectors

and coil has to be replaced.

The precollector arrangement is 2 concentric one for s
Torus—experiment whereas with the double-fed coil the
precollectors are arrarged in two packages, one package
being revolved by 180° in order %o get the correct series
connection of the bank halves. The bulse cables connecting
the bank and precollectors have 3 different lengths and

can be vsed for the toroidal =2nd the linear arrangement.

The capacitor bank can be enlarged by 60 %. This possi-
bility was also considered in the arrangement of the
auxiliary eaquipment. Since in the linear experiment the
collector width is equal to the coil length, the load-
system can be enlarged 2s required.

The installation includes two auxiliary banks, namely a
bias field bank and a Z-Pinch preionisation bank. A
further suxiliary bank, a Theta-Pinch preionisation, is
in the development state,

The bias field bank has been subdivided, as was the main
bank, for the preionisation banks subdivision is not
necessary.
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Arrangements of main bank, collector system, coil and

auxiliary units

Isar II is been mounted in one of our experimental buildings,
which has a free height of about 5 meters, and a base area

of 12,2 x 10,3 meters., The corresponding basement room could
also be used for the installation.Control and monitoring of
the system as well as measurements are been executed from a
separate control room. _

Given the above building facilities the following optimum
arrangement resulted.

The main bank and the experiment as well as the preionisation
banks have been mounted in the hall, c.f. figure P 120.

The main bank, which includes condensers, spark gaps,
charging and discharging resistors and shorting breakers, forms
two compact blocks with an energy density of

6,64 kWs / n>

when considering service passages and
15,7 ¥Ws / m>

regarding service passages and also space
for the pulse cables.

Within the bank the pulse cables run horizontaly to the
precollectors. Because of the requirement of a change from
a linear to a toroidal coil, a collector arrangement has to
be chosen which lies asymmetrically with the height of the
bank block. This results in different distances from the
bank to the cable connection at the precollectors. For
economical reasons only three different cable lengths have
been chosen and the overshoot lengths must been arranged in
the space hetween the bank block and the precollectors.
Because of the installations norrow arrangement which was
given by the building dimensions, we obtained a somewhat

complicated cable loop which can be seen from figure P 124.




4.

The Theta-Pinch preionisation with a discharge frequency of
about 1 MHz will be arrarged as close as poscible to the
load coll, ec.f. figure P 1120,

The bias field bank and all auxiliary equipments such as
power supplies, charging disconnecting switches, trigger
spark gaps,marx-generators, a fire extinguishing system and
air compressors for the shorting breakers are installed in
the basement room. Even here 2 symmetrical arrangement in
two halves has been chosen as with the main bank, c.f.
figure P 121.

Trigger and charging cables run vertically from the main
bank to the auxiliary equipment in the basement, the over-
shooting length having been rolled up. A schematic graph

of the geometric arrangements of the installation is shown in
the figures P 122 and P 123.

Circuit diagram and current program

In figure P 118 & circuit diagram of one bank half is given.
It contains the load, the three banks mentioned and the
voltage suppression unit for the pulse cables,

Distributed inductances of the cables, of the collector
system 2ni so on appear in the form of lumped parameters;

the attenuation will not be considered. Values given concern
one total bank helf for the connection of a linear load coil.
The values for the Theta-Pinch preionisation bank have been

estimated.-

The main electrical data whirch heve been compiled in figure
P° 119 result from the cireunit dimgpem. Thig ficuwre =1sg
ghows the ecnrrent waveform in the 1024 with =211 three banks
in operation, namely crowbarred bias field bank, Theta-pinch
preionisation and main discharge. For the anke of clear
representation the scales for auviliary bonks snd main

bank are different.

Current and voltage waveforms at several points of the
installation first have been checked in the switching analog
model using original cables, and later on with the aid of
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main bias field O - pinch
bank bank preionis .
stored energy, KJ 22250 2.+:10,25 2:::0,8
charging voltage, KV Z = 40 2 12 240
max.disch. current, KA 7100 180 284
frequency, swinging 90 16,4 1130
discharge , KHz
max. flux density, KG 89 x 2.2 3,56
initial rise of flux 50,5 023 25,34
density, KG/ ps
| 5 ' JIMA
T 4
JIKA
© - pinch 12
} preionisation
+ 200
. 0
1+ 100 ’ main bank
bias field L\,
bank
: t | R e e - e e e
5 10 15:14 25 ps
+ 100
1+ 6
P 119 500 KJ - Theta - pinch Isar II.
Data and current versus time

in the coil .




the electronic circuit analysis program (ECAP), of IBM,
with a IBM computer 360/50.

The optimum values for the R.-C. suppresser units have been

evaluated by measurements in the switching analog model.

Description of the installation and the individual

components

Main bank

The capacitor bank consists of two symmetrical bank blocks
with 250 kdJ energy respectively. Figure P 124 shows a
view of the bank halves, the collector system and the load.

At 40 kV charging voltage, the capacitance required per
bankhalf is 312 /u .

The single unit of the bank contains one condenser; the
data are 2,6 /u F; 40 kV. That means: one bank half con-
sists of 120 units.

With respect to space available and to the requirement of
the bank being divided in fifths, the 120 units per bank
half have been compiled in 10 racks with 12 tiers each: c.f,.
figure P 125.

There are groups of two racks each which have the some
charging line and submastergap respectely. Because of a
symmetrical feed at partial bank performance, corresponding
rack numbers are: 1 + 10, 2 + 9, 3 + 8, 4 + T, 5 + 6.

The numbers of the second bank half are connected corres-—
pondingly.

Each rack is composed of upright I-steel rods which hold
frames made from glassgrainforced low pressure resin con-
taining basic plates for the tiers made from the same
material. Thus the condenser is practically fully insulated
against the rods.

As already mentioned an enlargement of the bank by 60 % is
possible (see dash-lined racks a to f in figure P 125)
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The upright I-rods of the bank structure also carry clamos
for trigger and measuring and control and air lines.

The total bank blocks rest on 2 sunport frame which helps
to avoid excess loading of the ground floor. The support
frame is itself supported partially by steel columns on
the basement. The total weight of the bank amounts to 32
tons, and would be 47 tons after enlargement to 160 %.

The bank units

The figures, P 126 and P 127, show two fully installed
single units. The capacitor, as the fundamental element

of the bank,(for data, see table 1 after chapter 5.3) is
fitted with two different terminals for charging and dis-
charging, c.f. figure H 074. The capacitor case is
connected to the experiment earth return via the outer-
braid of the pulse cables.

The coaxial combined start and crowbar spark gap is
directly mounted to the discharge terminal of the capacitor
(chapter 5.3). The maximum discharge current for one unit
is 60 kA3 four porallel pulse cables are connected to each
unit. The pulse cable is a double-braid coaxial polythene
cable (electrical data, see table 4).

A geometric model served to determine the three different
cable lengths. Every bank fifth has an equal cable length

respectively.

The cable lengths 2nd the required cable numbers are:

4,28 m 192 pieces
3,98 m : 384 pieces
Dl aem et 384 pieces

960 vpieces




P 126 500 kJ - Theta - Pinch Isar II

Two main bank units, front side

Two main bank units, rear side




The average cable length is 4,5 m. The cables are fitted
with polythene terminels and are connected by detachable
sliding contacts. Figure H 089 shows the contact elements
for connection of inner and outer contacter of the cable

(for inner contacter 22 mm ﬁ, for the outer 38 mm Q).

The contact sockets have been developéd in cooperation
with 2n industrial firm, especially for the application

in pulse duty. The contact socket consists of a cylindri-
cal supporting piece which is contactet to the collector
and the spark gap by means of a spring ring or a washer.
The contact element consists of a large number of wire
springs wich form a tulip shaped contact. The path of the
high frequency current given by the geometry of the contact
elements. The contact design is chosen in such a way that

all current transitions have intimate connection.

Before the manufacture was started, 10 contacts of each
type were tested. In these tests, with a current of 30 kA
compared to a rated current of about 15 kA after 20.000
discharges, no mzjor damage of the contacts could be dis-
cerned. Furthermore the following tests were made;

10,000 discharges were taken at 40 kA and 5.000 discharges
at 50 kA without any defect. These investigations with

detachable contact combinations will be persued later.

The 12 units of one rack are connected at the load side
according to figure P 128. Each group of six units with

a decoupling resistor of 50 kQ is charged via a charging
resistor of 200 k&1 . Four such zroups of six units (=two
racks; =one fifth of a bank half ) are connected to one

disconnecting switch in the charging equipment.

Each group of six units has also an 80 MQ resistor,
which is the upper resistor of a voltage devider and

serves to measure and monitor the voltage at this group.
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The voltage monitoring device will be described in

chapter 5.6. Every unit is fitted with a single short
circuit breaker, by wich the capacitor is shorted via

a discharging resistor of 1 k. Each of these composite
resitors has to be dimensioned so that the energy of six
units ( 12 kJ ) can be disipated in it.( c.f. figure P 128).
The short circuit breakers of one rack are mechanically
coupled and have a common pneumatic drive.
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5.3.Combined Start and Crowbar Spark-Gap with Trigger-

systems. (G.Klement, R.C.Kunze)

From the point of view of design of the start and
crowbar switches, the condenser type with two ter-
minals was an essential feature. One could have
used a single terminal for start and crowbar spark
gaps. Thus only one terminal was used and the crow-
bar spark gap was united with the start switch and
the pulsecable connection because, in this arrange-
ment, capacitor terminal and start switch are not
loadedby the current of the crowbar switch.

No DC voltage occurs at the electrodes of the
crowbar switch, and the resistance and inductance
of the crowbar branch becames lower. The condenser
used, a coaxlal terminal and a charging terminal

( insulator embedded in epoxy resin ) can be seen
in figure H O74. The data of energy storage capa-
citor will be shown table 1.

The start switch.

A correct switching function of the start spark
gap, when operating in parallel with a large
number of other spark gaps, requires a jitter
time which is smaller than 38 nsec in this case.
That is double the delay time of the shortest load
cable.

With respect to the operating range desired, the
four electrode cascade gap was chosen which gave
small dimensions in a coaxial arrangement as well
as low inductance. The method of operation of the
four electrode spark gap has often been treated
in previous papers (1)(2)(3) and therefore will
not be described here at length.

The common electrode, whose potential lies bet-
ween the charging voltage of the capacitor and
earth potential, c.f. figure H 075, is shifted by
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a trigger pulse to a potential opposite to the charging
potential. The over voltage effects the breakdown of the
gap A - B and brings the common electrode to the char-
ging potential of the capacitor or higher (swinging
cascade); consequently the gap B - C also will break
down.

In the start switch used here, the relation between
both breakdown voltages is b =B i . that is, the

B -C 2
common electrode lies stationary on 2/5 of the char-

ging voltage. The 40 kV and 20 kV charging voltages
correspond to 72 % and 36 % respectively of the break-
down voltage Uy which is 56 kV.

Figure H 076 shows the static breakdown voltage between
the common and the outer elektrode (electrode distance
A-Band B - C) .

Tn the common electrode there is a small spark gap as
a light source, which essentially in fluences the per-
formance of the cascade. As can be seen from figure

H 077 , the jitter and partially the operating range
of the switch depend on the adjustment of this light
source.

For the arrangement according to figure H 075, the
delay of the spark gap is given by figure H 078

The oscillogram H 080 shows the voltage wave form

at the cable termination. This photograph has been
taken from a series of jitter measurements. Also
figure H 079 shows the voltage waveform at the

common electrode.

The static and dynamic matching of the spark gap,
optimised according to jitter and recurrent vol-

tage dependence, had to be concentrated in matching
units. These units, in which the elements have been
embedded in " Sibit", are to be seen in figure

P 126 below the coaxial start spark gap.

Evaluating the oscillograms H 081 and H 082, one

finds 2 paximum current per unit of 62 kA for
100 kHz and the inductance of one unit to be 980 nH.
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The data of the start switch in detail are summarized
in table 2.

The crowbar switch.

A crowbar switch, lieing in parallel with capacitor

and start switch, must be able to nold the full voltage
(discharge voltage with supperimposed cable reflexions),
but on the other hand has to switch at practically no
voltage. The tolerable jitter of such a switch depends
in the main part on the discharge frequency of the
installation. At low discharge freqﬁencies, a compa-
ratively large Jjitter can be tolerated. The funda-
mental requirement for a switch for this performance

Rop < Wep L gy sps < W Ly
As the design of the energy storage system tends to

is

minimise the internal inductance of the capacitor bank,
and as crowbar ripple should be as low as possible,
the inductance of the crowbar gap must also be as low
as possible. From the different types at hand a simple
two electrode crowbar spark gap triggered by over-
volting was chosen (4)(5)(6)(7) .

With the nomenclature of the circuit diagram, H 075,
the performance can be described as follows. In order
to breakdown the gap between the electrodes C and F,
the srequired voltage is generated at a given
ferrite inductance. This is achieved by a triggerpulse
applied to the pulse sharpening spark gap E-F , which
premagnetises the ferrite rings at the same time.
Without premagnetisation, the voltage occuring at
electrode F is considerable smaller, according to the

Op/fts L WeLs B ¢v ¥ ¢s b ¢o ¢ ¢s

After the gap C-F has been closed and the ferrites

relation,

saturated, only the air inductance of the assembly is
efficient.

The trigger pulse waveform at the pulse sharpening
electrode is according to figure H 083 and the voltage
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at the ferrite decoupled electrode has been measured
according to figure H 084. Figure H 086 gives the
waveform of the load current. The decay time constant
L / R, for the crowbar discharge as T = 80/psec. ,
from a measurement at a test rig containing 6 units
with one half precollector. Therefore, the calculated
resistance R of the crowbar spark gap is 7 m 2 .

The currents in the three branches of the crowbar
circuitry are shown in figure H 090.

The measured inductance of the coaxial crowbar switch
connected between the cable terminals amounts to 180 nH.
The crowbar ripple is given by the approximation,

L
W o~ Cr_ 100 % = 21 %
LV

The oscillogram H 085 shows the current in the load,
which is given a ripple of

Ji- Jo
W = —=— 100% =25 %

1 4+ 9o

Deviation between the two values results from the

higher discharge frequency in the rig with 6 units.

Correcting to 100 kHz, the same ripple of 21 % results:
2

2

f14% n C - Ly opg
] o 5 5

fo b m C - Ly opg

For the electrode material of the cascade and crowbar spark

gap copper was chosen, since it is little eroded.
Furthermore, copper is useful because it gives rise to
only slight vapor-deposition on the insulating parts.
The rough surface of the electrodes after several dis-
charges will not be very dangerous for an atmospheric
pressure spark gap. After 10 000 discharges at 100 kHz,
f = 62 kAand 30 sec. duty cycles, the erosion at the
common electrode was minimal.[(2) cf'. photograph of main
and trigger electrodes after 1o 000 discharges.]




Constructive design.

As indicated in figure H 087, the start and the crowbar
spark gaps are coaxially arranged in the same case.
Epoxy resin was used as the insulating material for
both gaps, as well as for the insulation overlap with
the capacitor terminal. The hot start spark gap
electrode is screwed on to the capacitor terminal

bolt, where as the common electrode, with the pre

spark gap, is embedded in epoxy resin and can be adjusted
externally. Two calottes, as common electrode C for the
start and crowbar switches, are fixed on the connecting
plate with the contact sockets for the parallel pulse
cables.

The crowbar spark gap lies in the inner region between
the cable terminals and forms, together with these ter-
minals a coaxial system. ( cf. figure H 088 )

Because of the small distance between the arc of the.
crowbar spark gap and the polythene terminals of the
pulse cables the terminals have been fitted with an
additional PE - protection sheet, which can be easlly
replaced.

Through the cooperation of the Institut fiir Plasmaphysik
and the cable makers, the cable terminals shown in
figure H 089 has been developed. The cable termination
consists of PE as the cable insulator. An end- elec-
trode from conducting PE, at the end of the outer
braid, reduces the field gradient on the PE -insulation
surface, as well as in the internal region. Inner and
outer braids are connected to the contact parts on the
terminal by magnetically fixed shrinking rings.




Trigger system {or start spark gaps.

The trigger pulse for the start spark gaps is generated
by a 10 m long coaxial cable, ( Z = 70 £2 ), which is
charged to 30 kV and shorted by a submaster spark gap

at one end. Because the division of the bank given, each
submaster gap (8) feeds 24 cables, thus 10 submaster
gaps in total are required. These spark gaps are triggered
by a common master spark gap. The trigger system of the
submaster gaps is the same as the system for the start
spark gaps, the charging voltage of the 10 m long cables
being only 20 kV. The master spark gap, which feeds

10 cables, 1is insulated from the 15 kV trigger gener-
ator (9) by a pulse transformer. In figure H 091, the
intire trigger system is represented.

The trigger spark gaps according to figure H 092 res-
pond in their function and design to the start spark

gap already described. In the life test of one master
spark gap on HNO3 deposition occured on the copper
electrodes and on the insulation, which are disturbed
the switching function. By means of additional bores

in both main electrodes the spark gap is vented and
prevents the above deposition. The submaster spark gaps
operated at 30 kV charging voltage are adjusted to 40 kV
static breakdown voltage. The master spark gap operates
at 20 kV charging voltage and is adjusted at 30 kV
static breakdown voltage.




Trigger system for the crowbar spark gaps.

A two stage Marx Generator with a capacitance of

2 x 1,1 }m‘and 12m long coaxial cables gives a 100 kV
pulse for triggering the crowbar spark gaps. The
charging voltage U = 35 kV of each stage, doubled

by series connection, produces a theoretical pulse
voltage of 140 kV at the opened terminal of the cable
(pulse sharpening electrode of the crowbar switch).
The pulse voltage rise time essentially is given by

L / R . For the actual design, that is 24 cables
connected per Marx Generator , the values are

H =040 , L ~ 0,6/(H . This means a rise time of
about t ~ 300 nsec. The Marx Generator in the lower
stage is triggered by a length-wise triggered three
electrode spark gap. The second two electrode spark
gap of the upper stage is triggered by overvoltage.
According to the arrangement for the start spark gap
trigger system, the 10 Marx Generators are triggered
by a master spark gap and a 15 kV trigger generator.
Figure H 093 shows the circuit diagram of the crow-
bar spark gap trigger system and in figure H 094 the
installed Marx Generators of one bank half are
illustrated.

Figure H 094 is a photograph of the crowbar trigger
cable terminal for the side of the crowbar switch.
This terminal has to be conical for perculiar reasons
to this switch. At this point a maximum voltage
occurs, equal to the breakdown voltage of the pulse
sharpening spark gap. In the same figure the cylin-
drical terminal for Marx Generator connection is shown.




Table 1
Energy Storage Capacitor (10 )
CapacitanCe. . vu e s eunnnnn, ssmsmy B = P 61LF
Charging vollage se.msmswssonsmsssm s U = 40 kV
ERNCYEY swmsmsws i s fs B iRicitbmamnms cees W = 2,05 kJ
Inductance (one coaxial terminal) .... L = 40 nH
Output resistance ¢......... SEs S G N WA R = 16 m 2
Resonance frequency .......... 16 T8 e wim f = 500 kHz
Life quarantee £=100 KHz, I=62 kA .... s = 25000
discharges
Table 2

Start spark gap.
Main electrode diameter .............. d = 50 mm &
Common electrode diameter ....... ceeee d =23 mm g
Electrode distances
A-C = 22 mm reeeeeee weeniaen Ups 56 kV
A - B = U mm ieiiens sice. wiie eie wie eiie s UDC= 33 kV
B-C = B,5mMmM ittt ...UDC= 22 kV
B - D = 1 D smswewawins """"UDC= 3 kV
INAVCEANTE 55 5 55 555 5w m = s e o m 0w o ¢ L = 40 nH
Resistance ........... vi'e wiis e e Wi s Ee R =8 lnﬂg
Working range .......... - U = 20...40 kV
b s L 1o S G i R T Gt Tt .. 4t <+ 10 nsec
DELEY i 5% s v ot o ein oe “uite ‘wiin A T " t =120..200 nsec

.j}dt swinging discharges ............ Q = 1,5 Asec
Inductance of cable terminal ....... L = 4o nH




Table 3

Crowbar spark gap

Diameter of the electrode C ...o..... d =50 mm @
Diameter of the electrode F ......... d =5 mm @
Diameter of the electrode E ......... d =35 mm @
Electrode distancé s.ccuscsvss ee. C - F = 20 mm
Electrode distance ......... cecees E - F = 35 mm
Resistance ... ennnns cesessas. R = T n1£2
Tnduchamee-cy« oss 5o on s e 8 s o w a ns md B 180 il
Ferrite inductance ...... P . o LFe= 21o/uH
Premagnetisation resistance ......... R = 2 K&2

Ripple (f = 100 kHz) ..... B 5@ Bkl Bk Gene: e w=21%
indt ........ . S ... e wn e v e ceseses Q = 4,6 Asec
Decay time constant L/R ....eveennnnn T = 8o/usec

Table 4
Coaxial pulse cable (type 2YC2YC2Y 24x8x0,3, 24x10ox03)

DC resistance of both conductors .... R = 1,51n£2,/m

CapaCitance R 2 e 8 ® 8 0 8 08 08 0 0 e e C=545 pF/m

INAUCLANCE & w5k 5658 56 ob asmm wn cesssss L =125 nH/m

Impedance ............ e e cerenees Z =19 0
Table 5

Crowbar trigger cable (type 6,4/18,5)

Capacitance ........... S ave w AR W B eees C = 145 pF/m

Induotance e % o o 2 8 s 80 88w e e ® o e 0 0 0 00 00w L=297 nH/m

Impedance ........eeee. I S ee. Z =145 £2
Table 6

Start trigger cable (type 2,0 L/ 12)

Capacitance ..... S . C = 72 pF/m

INAuchaNCE s 5w o 55 06 55 S S B I RO B L = 332 nH/m

Impedance ........... iRl i m b s ms b= O QE
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DC breakdownvoltage of triggerelectrode

pulsevoltage breakdown
07  with irradiation =
U (kv)

20
———=a {mm)

H 076
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t (sec. 109)
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Jitter versus charging voltage

Irradiating gap spacing
05,10 ;20 mm

30T
20T
2mm
104 05mm
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(1 N | I' f } i :
15 20 25 30 35 "
— U (kv)
H 077
Delay versus charging voltage
3007
t (sec.1079)
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voltage waveforms

current in the load

H 079

common electrode
t =20, 10_9sec/div
u = 7 kV/div

H 080

output of spark gap
u = 10 kV/div

t = 20 . 10" 7sec/div

H 081
t =2 . 10—6sec/div

H 082
=5 5 10—6sec/div
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trigger pulse for the spark

crowbar discharges

i 083
voltage waveform at
pulse sharpening

electrode E

u = 20 kV/div
t = 100 . 10 Ysec/div
H 084

voltage waveform at
ferrite decoupled
electrode F

u = 23 kV/div

t = 100 . 10" 7sec/div

gap

H 085
current in the 1load
t =2 4 10"6sec/div

H 086
current in the load
t = 50 ., 10—6sec/div
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H 089

40 kV pulse cable termination and contact

bushes for collector and spark gaps

H 095

crowbar trigger cable termination

moulded in epoxy resin
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5.4

The collector system

The collector had to be designed very flexible because of

A vossible change from a double fed linear to a single fed
toroidal load. So it wes composged of single precollectors
each comprising two collector elements, according to fig. P 111.
These two elements form a double T-profile which serves as a
mechenical support. Figure P 135 is a cross-sectional view,
which shows the current conducting copper sheets, the backing
plates and the spanning wedges, as well as the sliding con-
tacts for the cables. Correct mounting required a subdivision
of the copper plate. Thus, 2t first, the mechanical adjust-
ment is done, after which the contacts sre fixed. Because of
the very low pulse stress at the contact line, these contacts

remain fixed without inspection.

The ratio of lencth to width of the precollector current
sheets is chosen to give avpro¥imately minirmum induectance.
The form is such that local current density concentration

is avoided, especially at the edge le2ding towards the over-
lap region, where the U-hend precollector insulation ( mylar
sheets, 1.2 mm total thickness) touch the main collector
insulation. Bach precollector includes connectors for two
voltage suppresser units, one below, one above. Picture

P 130 shows one comnlete vrecollector with partially cut
insulation fTor hetter understanding. The precollector design
As mentioned ahove can be seen, together with some cables

in their vposition.

On each side of the double fed coil, 10 precollectors have
beer stacked, the whole package hanging in 2 support frame
and being compressed in horizontal direction. After ad just-

ment, the main collector plates were added.

can be varied in fifths, the main collec-—

Ata
J
tted with sporopriate curvature radii in

As the hank energ
tor plates srs fi

order to allow the partial performance from the point of
a

e
view of current density distribution.
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The overlap, main collector and coil regions are held against
electromechanical pulse force by an inclined spanning frame
exerting about 5% of the peak pulse force: picture P 129,

Thus the movement of the main collector plates is some tenths

of a millimeter. All contact elements have been made from Cu/Cr.

The earth connection for the double fed coil was made by a
short circuit winding at both coil ends which because of

flux return is linked with nearly zero flux and thus fulfil
the condition that both bank halves should be earth connected
to the same point.

One precollector half has been life-tested in =a voltage test
as well as with original discharge conditions produced by
s8ix capacitor bank units. The voltage test ran over 20.000
shots at 98 kV peak-to-neak; furthermore, 2,500 crowbarred
40 kV shots were executed.

The mechanical adjustment of the precollectors has to be
carried out very carefully, especially where high local
field pressure occures at separate current conducting sheets,

unless the hammering effect reported after about will begin.




-
-
-
S -

\ connectors for

suppressor units

collector insulation

insulation overlap

coil insulation

|

P 111 Collector section
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P 129 500 kd - Theta - Pinch Isar II

"~2il, main collector with spanning

P 130 500 kdJ - Theta - Pinch Isar II

One precollector with insulation
partially cut off
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The R.-C., Transient suppression unit ( Figure H 073 )

To prevent overvoltages by reflections on the unterminated
coaxial load-cables suppression units are mounted to the
precollectors, containing a concentrated capacitance with

a resistor in series. For optimum effect, the capacitance
must be independent of voltage and frequency as far as
possible. Therefore, a dielectric of paper was not appli-
cable, because the dielectric constant of impregnated paper
decreases above 1.5 to 2 MHz, according to the impregnation
fluid used. Ceramic as a dielectric has two important disad-
vantages. Firstly, the dielectric constant depents on the
electrical stress and secondly manufacture is difficult,
especially at high voltages, when series circuits are neces-
sary. Hence foils of plastic were taken, with a dielectric
constant practically independent of the stress and nearly
independent of the frequency, at least in the demanded range.

Due to the dimensions of the units, they must be connected
close to the precollector where the space is very restricted,
they would not be built in a conventional winding construc-
tion. So the plastic foils were piled up, being held together
externaly by two copper plates, which also served as the
contacts. There were five groups in series, each with 41
branches in parallel.

The resistor connected in series with the capacitor is made
of megapyr (Q = 1.4 QLom?/ m ) as a compressed zig-zag with
an insulation of mylar foils. Capacitor and resistor wer
assembled in the same case, witch was constructed out of
perpex ( plexiglas ). The cover of the case was made of
epoxy resin into which a wide parallel plate termination

was moulded.




S 1 o

The whole unit is carefully impregnated with a special
mineral oil of low viscosity, so that the starting ionisa-
tion voltage is higher than the working voltage.

The electrical data of the suppression unit are:

capacitance C =96 nF * 1%
inductance L £ 3 nH

maximum voltage 9. % 25 kVP
resistance R = 888 m {0

life expectance at Um 2 5 105 pulses

Capacitance and resistance are nearly independent of
voltage and freauency in the range of 1 kV to 55 kV
and 100 kHz +to 5 liHz,

R. C. Kungze
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The voltage sensing svstem

With the aid of a voltage sensing system, defective
capacitors ( for instance short circuitéd ) and units
disconnected’ from the charging line can be found and
registered. The capacitors have been combined into groups

of six with a common load resistor, ( c.f. figure P 128 );
the bank consists of 2 x 20 such groups. The voltage at each
of these groups of six is measured and compared with the
voltage of one leading grouv. If one capacitor is shorted

or if it is disconnected at the charching terminal, a poten-
tial difference occurs during charging between this defective
group and the leading group. When the potential difference
rises above 2 certain threshold, which is fixed with respect
to the minimum fault possible, charging is stoped and the
defective group will'be indicated at the control panel.

The bank then must be earth connected by a safety discharge.
Two racks belonging together are fitted with one leading
group. The entire installation has 2 x 5 leading groups
which can be selected from the control panel. A fault
occuring at the same time in all operating groups and the
corresponding leading group is not indicated because no
potential difference occurs.

The probability of such a fault without indication is
calculated as follows.

Within a guaranteed life of 25.000 discharges 10% defective
capacitors are tolerable. As the wiring of the units after
the end of the assembly has been checked in detail, dis-
connections of charging lines would scarcely occur.

The fault probability of one capacitor is given by pc=10%,
the fault probability for a group of six capacitors is
)6 = 46.85%

p, = 1- ( 1-p,

The fault probability for N ca?acitors operating, that
is N/ 6 groups, is /6

plﬂ;'zp

o




= BF o

1) 2/5 - performance

per bank half N = 48
N 8 _ : -4
p2/5 = pg = 23 x 10

2) 1/1 - performance

per bank half N = 120

THELAEE) a4 =
Dy/q = P, = 2.56 x 10

7

Within the rated life of 25.000 discharges, there are

58 cases which will not be indicated in 2/5 ~ performance,
and a negligible number ( 6.4 x 1072 ) of unindicated faults
in the 1/1 - performance, since the fault probability of

each capacitor is 10%.

The sensor used for the system is an ohmic voltage divider
with an upper resistance of 80 MSQL . Thus we have the foll-

owing circuit diagram for a single rack, see figure P 131.

ey
. 5 'EWE

Rm[] 80M R2[] 200K

of & voltage sen-

voltage sen- U
o sing system

sing system

P 131




Dl =

The discharge decay constant, T, is given by

T= (R, + Ry/6 )°*6C
The decoupling resistor, R1, is fixed at R1 =50 kL and
R2 is chosen with respect to the charging constant and the
fault indication.

For a charging time of to = 30 sec, a charging time constant
for constant current charging of about 3 sec is chosen.
( R, + R1/6 ) 6C = 3 sec

R +R1/6=192kQ s R, =184k L .

2 2

For T 4§t0 the relative fault signal of one defective
group compared to the corresponding leading group is given by
1) for a shorted capacitor,

2) for one unit disconnected,

The velue of R, is chosen to be 200 k £, consequently we
have a charging time constant of T = 3.25 sec and relative
fault signals of,

1) zsu/Uo = 0.8 t/to for a shorted capacitor

2) AU/UO

1.7%% for one unit disconnected.

The smaller voltage deviation which consequently determines
the threshold of the sensing system is given by case 2) .

The voltage sensing system is so dimensioned that it indicates
a potential difference of 1% between the leading group and

the other group.




Corresponding to the tolerances of the elements used, a
possible potential difference between two groups with one

disconnected unit each turnsout to he

A\C.Rg +AR200

tO

In the present installation the maximum fault of this kind
which can occur is 0.0675 %. The choice of 1 % for the
threshold allows sufficient safety.

The upper resistor of the voltage divider is arranged in

one of the six corresponding tiers of the bank. On the other
hand the lower resistor, amplifiers, rectifiers, discrimi-
nation sets, relais and other apparatus of the measurement
electronics and the fault indicators are mounted in the
control desk.
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The bias field bhank

The bias field bank was composed of the same units as

were used for the project " Turbulence Heating Experiment",
see report 4/50 ( Institut fiir Plasmaphysik ).

Two halves of the bias field bank consists of 5 units each
and can be operated at partial energy in the same way as the
m2in bank. The bias field bank operates at 12 kV charging
voltage. Therefore, disconnecting switches for the single
units were necessary in order to disconnect the bias field
bank in cases where it is not used. In order to avoid
overvoltages due to cable reflections at the bias field
bank cable ends with open disconnecting switches, electro-
lytic resistors, of the approximate resulting characteristic
impedance of the cables, are connected across the cable

terminals.

The bias field bank has the following data:
(Data for one half bank)

Capacitance 145 /uF
Inductance 0.86/uF
Resistance 6.1 mQ
Charging voltage 12 kV
Peak current 148 kA
Frequency 14 kHz
Crowbar time constant 225 /u sec
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5.8

Control and electronics desk

The control of the whole installation is operated from the
control panel,which together with the Faraday cage, has been
arranged in a separate room beside the experimental hall,
g.f+ figure P 132,

The main section of the control panel is occupied by the
operating elements for the slow control functions: put in
control supply switch, preselection of desired performance

( with or without crowbar, bias field, preionisation ),
control of shorting breakers and corresponding charging

power supplies and in case of emergency discharge of the

bank via the charging resistors.

In the right hand section of the control panel the electronic
trigger sets have been mounted together with the corresponding
power supplies and time delay units. The upper part of the
control desk contains the voltage sensing system, the indi-
cateing lamps and push buttons for reference voltage selection.

Several interlocking circuits have been provided in order to
give safety protection for the operating personnel and the
installation itself.

Switching on the control voltage supply all doors leading to
the experiment - if closed - will be electrically interlocked.
The shorting breakers can only be opened if the following
conditions are accomplished; all doors must be closed and
interlocked, the electric crane and the mounting carriage
must be out of the bank region and the air pressure must be
high enough. The position of the shorting breakers is moni-
tored by micro switches. The charging power supplies can
only be switched on if the corresponding shorting breakers
are opened.

Pushing one of the emergency buttons, which are mounted on
the control panel and at several points of the installation,
causes an immediate shutting of all shorting breakers.




Pushing the emergency buttons
one of the conditions for the
Further irterlocking circuits
that, for toth bank halves in

discornecting switches, the same kind of performance has been
chosen. For instance, for vartial performance at both sides
of the bank, the corresponding disconnecting switches must
be put inj; in crowbar operation, the corresponding crowbar

disconnecting switches are put in in the same way.

The bias field bank is switched with ignitrons in the same
sense as the main bank. The position of the disconnecting
switches belonging to the halves of the bias field bank is

checked by means of an interlocking circuit.

should any disturbance of symmetry of both halves of the
installation occur, then the charging will be disconnected.

A monitoring table over the control desk will indicate the
fault. The symmetry conditions mentioned above also hold

for a single fed toroidal coil if, the minimum partial energy

stage in this arrangement is one fifth.

|
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is equivalent in violence +to
shorting breakers to be ovened.
in the control system check

a correct position of the
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500 kdJ - Theta = Pinch Isar II

Control desk

H 073
500 kdJ - Theta - Pinch

R-C transient suppression-
unit 96 nF, 0,888 Ohm




Assembling the system with the aid of general job planning

In 1965 the 500 kddinstalletion Isar II was planned. In the
first two years all activities were prepared with the aid
of dash diagrams. In the course of the work, an increasing
overlap of development and manufacture occured. From the
beginning of 1967 network analysis of the general job
planning was applied to this project.

Report IPP 4/45 describes the different job planning methods
for instance PERT, CPM, WMPM 2and compares than.

It appeared to us that the metra potential method ( MPM )
would be the best suited for projects like this. The MPM
method, which has the following properties, was used.

In the so called network the activities 2re represented by
nodes and the logical connections between these nodes are
called paths, which are represented by arrows. The nodes
indicate the beginning of an activity and the time difference
between the beginning of two activities is called length of
the path. It is possible to represent this length by the
length of the arrow or of its projection on the time axis.
Usually the value of path length is written on the arrow
and its geometrical length has no connexion to time. The
maximum time difference tolerable between the beginning of
two activities is indicated by a negative sign. If two
activities are to begin at the same time, they must be

connected with an arrow of zero length.

The total path with the maximum length is the critical
path, which determins the end of the project.
In figure P 1%6 are:

A, B, C, D = activities

a+d, b+c+d = total vathes

a = difference of beginnings of A and B

A= duration of the activity A




P 136

From figure P 136, the following calculation method results:
The beginning time tA of A is the beginning.

The beginning time tB of B is calculated from,

t, = max ( tpta, ) +bte )

B

likewise tD = ty+d

The project end tE is determined by
tp = tpt &

Normaly the following conditions hold:

a > A -2
b > aa ds (®

Two activities can also overlap in their durations, that is
a second activity ( for instance D ) can begin before the
first one (B) has ended. In this case, d becomes less than (> .

The network for the 500 kJ bank consists of about 100 acti-
vities. A small section including 13 activities is shown in
figure P 137.

The following figure, P 138, shows the graphical representa-
tion of one activity with the following informations:

name of the activity (Text); number in the network; expert;
duration of the activity; buffering time (time difference
between the latest and the earliest beginning).
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networknumber| 108 o. | duration
Text
expert H A |time for buffering
of the job

P 138

As an aid to the experts taking part in the project, term
tables were calculated and distributed.On the next page

parts of the term tables corresponding to the network section,
shown in figure P 137, had been selected and put into order

according to the three experts concerned.

With ahout 100 activities, 2s was the case here, manual
calculation of the terms was still possible. A computer was
used in an attempt to simplify the calculations. A corres-
nonding vrogram was writtenr and tested in the Institut flir
Plasmaphysik ( by H. Becker ).

A1l paths which were shorter than the critical path contained
buffer intervals corresponding to the difference of the criti-
cal path length and the length of the path considered.

In the manual calculation these total buffer intervals were
distributed to the single activities. The distribution took
account of the kind of the activity (development, manufacture
or assembling), its position in the network (either close by
or far from the time of calculation) and its duration. This
gunalification of the activities could not be done in the
computer program, since it could not calculate the so called
distributed buffer terms. Within these limitations, the

computer and manual calculation are in good agreement.




TAtigkeitsliste

Bear-

Anftrag Nr.

Aiztenz. Nr.

201.5/ 15

friihe- |spdtes—| spdtes |[Puffer

Netzplan s g Dauer| ster ter tes zeit
beiter Nr. taldgket Woch. |Beginn |Beginn Ende [Wfoch.
Bearhteiter: Projektierung (P)
P, X 184 Montage 120 Haupttrigg.kabel 2,4 |22.6. 22.6. TaTa 0
P, Ex 196 Montage 120 Crowbartrigg.kabel 2,6 |117.7. 21.7. 8.8.| 0,8
P, Ex 187 Montage 120 Haupttrigg.kabel 2 9.8. 17.8. 30.8.| 0,8
Py K 256 Aufbau von Vorkollektoren und 4 2.8. 9.8. 7.9. 1
Hauptkollektor und Spule
P, 2 295 Konfektionierung der unvergoss.| 1,4 |14.6. 24.8. 1.9.] 9,8
Ladekabel (25 Stiick)
P, Bx 274 Verlegung der MeBleitungen zur 2 8.9. 6.11.] 17.11 8
Spannungsiiberwachung
Bearbeiter: Hochspannunstechnik (H)
H, 2 181 Konfektionierung von 240 4,8 22.5. 22.5. 23.6. 0
Haupttriggerkabeln
H, Ex 223 Montage von 10 Marxgeneratoren| 3,2 19.6. 19.6. 11.7. 0
mit Gestellen
H, P 259 Betriebsm. Test eines Vorkoll.| 3,2 26.6. 18.7. 1.8. 3,2
im 6 Kreis - Versuch
H 292 Konfektionierung von 34 Ladel. 9 21.6. 29.6. 1.9. 1,2
mit GieBharzendenabschlufB
H 232 Priifung von 16 StoBstromkabeln| 3,4 16.8. 16.8. 7.9. 0
im 6 Kreis - Versuch bei '
10.000 Entladungen
Bearbeiter: mechanische Zentralwerkstatt (X)
X 149 Fertigung 240 Aufsteilelektr. |2,6 2.8.] 31.10. 17.11§ 12,4
X,H,2 152 Fertigung Triggerbeschaltungs 6 27.7.] 25.8. 5.10 3,8
einheit { 240 Stiick )

1B - P 0701

Bemerk-
ungen
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After the end of the assembly, the results of the planning
methods were compared with and without the job plenning

technics. The essential advantages seem to be the following.

The influnence of term shifts on the entire project can be
checked at once. Free manpower, or manpower becoming available,
was ascertained and was used in order to avoid delay.

We realised that the special symmetric arrangement of the
system was often useful to subdivide the actual task into two
independent activities,

Fin2lly, we often took advantage of partial overlap of

several consecutive sctivities.

In general one can say that we obtained an improved survey
and a better coordination of the activities, better infor-
mation of all vpeople involved and therefore, a highter
effectivity of the sources given with reg=2rd to manvower,

machines and snpace.

This work was performed under the terms of the agreement
on association between the Institut fiir Plasmsphysik and
EURATOM,
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