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A 23 MEGAJOULL INERGY STORAGE AN

L. Sagnon. B.R. Rupert. L. Berkbig
D.G. Gritton, R.d. rﬂT-enav SN Hew

University of California. Lowres 2 Liverrers Laboratory
Liverrore, Califors - 33550
ABSTRACT

A 23 megajoule, 20 kV capacitive energy storage ang delivery system

has been bullt and tested for Shive -~ & 20 arr
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glass fusion research laser. This syste

entire pulse power systes. This scheme utilizes 2 distributed dicitel dats
% 2 b

bus that addresses every element throuch twg Tevels of optical isciztion.

—4 »
fu
(o]
-
=
1]
o
-
-
%
L34
cr
=)
4N
(4]
]
-
)
n
73
2]
o
0]
~
%
-~
—
=~
1]
3
7
o~y

The iaterfacing of low level digit Ttry

is discussed, as well as the desicn and parfarramce of ine tetal system.
Cost and manufacturing details are important in a oreject af this size.

The projectad cost goal of 27¢fjoule, instailed and opevating. has bsen wet.

The genera! approach o the design, transient analysis. ranufacture. and

activation of this Tarce power conditioning systes is zise discussed.

*Research pertorred under the zuspices of the U.3. Energy Research and
X e ]

Jevelogprent Administration under Contract Ne. W-TI05-ERG-IS.



INTROMCTION

The Shiva laser is a tweaty am

in the firal phases of activation at

Ndiglass

aser fusicen fagi

L
HE

the Lawrence Liverrmere Laboratory. &

model of this facility is shown in Ficure 1.

advanced concepts in imertial confirement
thermonucliear energy release eguzl to one
will be achieved with sub milliveter size

To achieve these experirental gozls,
erergy in excess of 10 kJ with & pulse lemgth of less

& 23 M enercy storage system with a peak output

The laser is designed to explore

fusior amd it is anticipated that
per cent that of the incideat light
degteriun-tritiun tavgats.

the laser rmust produce an culput

than one nanrosecond.

power capebiiity of

25,000 megawatts is reguived to supply the puip erergy Tor the laser. This

paper describes the design, construction and debugoing of this pulsed power

systea.

ENERGY REQUIREMENTS

The laser consists of 20 identical. parallel aems with each arm containing

a nucher of disk amplifiers, rod amplifiers and Faraday rotators.

o

Figure 2

shows the staging of these elemenls and the emergy requirved for egch of them.

Over S5% of the total energy is used for pumping the disk ampliifiers

where tha quantus states of the

Nl
ha.

Tight output frow large bore xeaen Flashlamps.

atoms arve excited with intense aroadkband

The remainder of the eneray is used to establish magnetic fields in the

Faraday rotator glass.

These rotator coils are simple inductive leads with
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tira constants in the atliisecond regime.

fucp energy is deiivered to the flasplamps in approxinately 300 micre-
seconds and the peak power reqQuiresents far @xceed the cazpacity of the power
grid. Thes, a larce capscitor bamk is used as the intermadiate storace

eianent necessary to tice compress this erergy by Five orders of —@anitude -

FLASHLANP LOADS

The xeron flashlamps used to pump the disk ampiifiers are 1.1 m fong.
15 e diameter, and are filled with remon cas at z pressure of 330 torr. The
wall material is cerium-doped quartz. The Jesirabiiity of corium doping can
be seen from Ficure 3. This ficure shows lawp output spectra for both ciear-
fused and cerium-doped quartz walls. togather with the major punp dands for
neodymium., It cam be seen that the cerium-Jorad guaris spectrum cuts off
sharply in the UV region but still has considerabie output over wmost of the
wain pump bamds for negdymium. This veduction of cutput in the UV recion is
nighly icportant because —ych potential damage cam docur within the optical
cavities as a result of UY interaction with ssail dust particles.

The iamps are non-linear resistive Toads with twg distinctiv differunt
irpedarce states - roughly corresponrding te the time Juring which the lamps

are in the ignizatior or tricgering rode and the fire at which the ful! volure

73

of the la=p is conducting current. Yolitage anrd cwreat waveforms for & lamg

pair are shown in Figure 4. As showm. a2 hich volitage puise {25 to 35 \%)
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required to initiate the ionization process. After the full voluze of the
lamp is ionized, the voltage and current ave refated by the non-iincar

relationship

where K is a constant determined by the georetry and 23s Fill pressure of the
lamp. The exponent B is approximately 0.5 at current maxicum. The peak
current is in the order of & ki and the peak voltage drop at current maxicus

is 10 kv,

FLASHLANP ENERGY STORAGE MODULE

Two 44" lamps ave driven in series ard each series paie is driven by
a capacitor modufe that is tailored to provide the regquired emevgy and pulse
shape. The oodule (Ficure 3) is comprised of a nwiber of erergy storage
capacitors, a pulse forming inductor. a high veltage isolating fuse and
aperapriate charging and discharging resistors. [t is assesbied as 3 umit
on a netal tray and can be installed or removed from the mounting racks with
a modified fork 1ift as shown in Ficure 6. 3 spark 2ap is placed zcross each
pulse forming inducioer to protect sgainst fauit gehrerated. hich voltage
transients. A krife switch s Included as an integral part of the capaciter
bus bars in order to aliow the module to be isolated and shorted for 2ersonnel
safety.

Th: modules are mounted in racks seven shelves hich, located in the base-
rent underneath the laser. Figure 7 shows a segrent of the capacitor bimk as

instalied in the Shiva basement.



SWITCHING AND DISTRIBUTION

The energy storage modulas are charced and switched in parailel

segments using the circuit configurationr shown in Figure 8. Here, 32
madules are charged froc @ commen power suppiy and Switched with a single

size D ignitren switch assembiy. The only impedance cosrmon to the circuwit
branches is the small inductance and resistance of the switch structure.
Thus, the curreat in each bramch is s function of the voltege and
inpedance of only that branch. The number of parallel branches is limited
by the Coulomb rating of the ignitrons, and our experience shows that this

linit is about 60 Coulombs for the size D tubes. This is eguiveient to
switching 3,000 microfarads at 20 k¥ or 32 branches of 87 micrefarads sach
(2 600 k). Generslly move than ome 32-circuit group is charged from a
single supply and isolating diodes and fuses are included at the supply &s
shown in Figure 8.

The transient eguivalent circuil referred to 3 tingie braach is showm
in Figure 9. CI is the parallel corbination of energy storage capacitors
and C2 and C3 are the bushing to case capacitances associated with Cl. The
capacitor cases are tied to the coax shieids through dasping resistor RZ2.
This allows the displacerent currents from €2 and C3 o be containad coaxiali;
and damped by RZ.

The initial hich voltage overshoot reguirved for lamp iomization is

generated by allowing the combination of la=mp capacitance (8, cable capacitamce

€3 and inductance L2 to restnate at zhout 160 kdz. The I of this circuit.
and thus the peak overshoot voltage, is set by adjusting the value of damping

resistor R3.
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At the onset of each charging cycle, the capacitor bamk presents
a shart circuit irpedance to the charging power suppiies. Current
1imiting is therefore an important and necessary aspxt of the design.

The three-phase veltage doubler circuit (Figure 1Q) provides hoth the
aspects of constant currvent charging and curvent limiting. As shown, G2
is the bank capacitance {generally on the order of a few thousand micro-
tarads) and C1 is the series doubling capacitance (aperoximately one micro-
farad). The peak output curvent is limited by the reactance of Cl.

The tire regquired to charge (2 te the desired voltage Vo is -

- 1~ (‘-’0!2\’:!)

t= 3F in(a + 1)

where
t = charge time im seconds
\'p = Pagk Tine to neutral secondary voltage
F = Line frequency {60 Hz}
a = C1/C2

Thirty-two of these supplies are installed to charge the 25 ¥ bank
to a nominal voltage of 20 kV in approximately 60 secomrds. These are
shown in Fig. il.

The supplies are voltage regulated to .1 in order to insure the
repeatability of oqutput energy from the laser on a shot to shot basis.
The regulator operates in a bimedal fashion in that the primary STR's act
as contactors until the bank voltage is near fimal value. At this tiwe,
the regulator switches to a phase control mede and holds the output

valtage caonstant.



GROUNDING, SAFETY AND FAULT CONSIDERATIONS

Safety is a forerost consideration in the pulse power systes desion.
Although the hazards of similar high voltage capacitor banks developed
for the C.T.R. and accelerator camumities are well known, these hanks
present newm and unique problems.

The banks are required te deliver energy to & iarge nuiber of
loads distributed throughout the laser bay. Thus, poteatially hazardous
vaoltage and energy levels are extended to almost everv point in the
lacer room. A good deal of thought was given to the problems of routing
and terminating the high voltage coax cables from the bank to the Flasn-
lamp and Faraday votator loads.

Coaxial symmetry is maintained throughout the pulse power circuitry
in arder to reduce electro-magretic radiation and displacement currents.
In addition, a grounding schewe has heen impievented which winimizes the
possibility of high energy faults extending outside the pulse power
enviranment.

Figure 12 shows the basic elewents of this grounding scheme. The
flashiamps and their associated refiectors in each of the amplifiers
are insulated fronm the amplifier Cases and tied to the shield of the
coax cable frow the bank. The shields are in turn tiegd to the pulse power
around bus which is insulated freom the laser space frame and connected
directly to the substation ground. This avrangewent establishes the
lamp reflector as an electrostatic shieid hetween the nulse pawer circuity
and the laser space frame, as well as providing a weli defined path for

fault and displacement curreats that are insulated Tvrom the space frase.
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This has proven to be an effective approach in that the many iow
level diagnostic and cantrol circuits which are located in ciose proximity
to the pulse power laads operate reliably and are nat affected by puise

pawer ngise.

CONTROL SYSTEM
A large number aof tasks must be executed by the comtrol system in
the course of supervising the operation of the pulse power system. In
addition, a large volure of system status information is collected,
stored and displeyed for each target shot. By necessity, the control
interface circuitry is located in close proximity to the pulse power
equipment where high levels of electrical noise exist. This cozhination
of functional requirements ani severe gperational anvironzent presented
a difficult design task. On the cne hand, the fumctional reguirerents
are well suited to digital based contral system technology, while, on the
other hand, a pulse power involverent is & hazardous place tu locate low
level digital civcuitry. For Shive, we have desigred and irpiesented a
digital based control system with a high degree of electriczl noise fumumity.
The design is shown in biack dia\gram form in Fig. 13. Redundant LSI-11
microprocessors address each control or diaghostic fuamction by way of a
parallel data bus. Each system element is assigned a unique digital address
and these addresses are simply extensions of the internal merory space of
the LSI-11. Bus interface units serve to provide common mode isolation
and transfer digital information between the data bus and each elewent of
the contral or diagmestics.
The LSI-11's ave isolated from the data bus at & Tevel of &0 kY and
the bus interface units are isolated input to output at a level of 3.5 kV.
¥e have a good deal of operating experience with this system and it

is performing well.
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BUDGET AND SCHEDULE

The target cost goal of 27¢/joule {1977 dollars}! has heen achieved
for the gperating system. A cost brezkdown for the pulse power system
is shown in Fig. 14. Those components and sub-assexhlies with high
cost leverage were subjected to intense manufacturing and cost engineering
analysis in order to insure that the systes would be completed within
the alloted resources.

In gemeral, almost all components ard sub-assemblies were manufactured
by outside industry an fabrication contracts. The final assexbly of
the systew was carried out om a smell producticon line at the site using
contract techmician labar.

Construction was scheduled and cavried out aver an 18 month period

and has in fact proceeded well within the oricinal plan.
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Figure 1: Model showing laser and target chamber support structures as

they appear in the high bay of the High Energy Laser Facilfty.



Apadizing g )
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— ! {  Turning
|« Re!lay B gmpl Z mirrors
y ved | rod Ry \\\ Target
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Power @ 100 ps (GW) 1.5 15 47 173 530 1100 1500

Power @ Tns(GW) 1 1 30 100 250 520 750
Bank energy (kj) 150 150 150 270 28C

Clear aperture (mm) 23 46 34 94 3934 150 298

F-No. 30 10 0 1 10 6
Ficure 2: OQptical profile of a single Shiva laser chain. Representative values

of laser power are given for J.1 and 1 ns puises at eacn stage.
Also shown is the clear aperture of 2ach amoiifier and the alectrical
enerqgy supplied to the flashiamps.
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Figure 3: Xenoa flasilamp spectra for walls of clear-fused and ceriun-deped
quartz. Nete the pumping bands for needymium.
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Figure 4: Typical voltage (a) and current (b) waveforms for fiashiamps.
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Capacitor wodule cach series patr flashlamp Toad
15 drfven by a module as shown above,  Over 1200
such wodules were produced for the Shiva laser,
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Figuee 7: Shown 45 a seaguent. of the 26 M) energy wLorage

system as installed for the Shiva laser,
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Figure 3: Energy storage modules ave charged and switched in parallei.
If more than gne group of medules is charged fram a2 comrmon
supply, isolating fuses and diodes are used as showm.
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Figure 3: Transient equivalent circuit for & single energy storage wmedule.
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Figure 10: Simpiified schematic of the three phase voltage doubler circuit.



Figure 11:

19

Voltage doubler power supplies as installed in the Shiva system.



Flaskiazp

Figure 12: Grounding scheme for the puised power system.
reflectors act as electrostatic shields betwsen the high

voitage circuitry and the laser space frame.
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