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I. ABSTRACT

Sandia's Particle Beam Fusfon Program is
investipgating pulsed electron and light fon beam
accelerators with the goal of demonstrating the
practical application of such drivers as ipnicers
in inertial confinement fusion (ICF) reactors,

The power “?2 cnq;gy requircoents for net energy
gain are 10*7=10 W and 1-1C MJ. Recent advances
in pulsed power and power flow techuolapies permit
suitable aecelerators to he builc. The first
accelerator of this rew peneration is PBFA I. Tt
operates at 2 MV, 15 MA, 30 TW for 35 ns and ie
schkeduled for completion in June 1980. The
principles of this new accclerator technology and
their application to ICF will be presented.

IT. INTRCDUCTION

Thermonuclear fuslon is the synthesis of
light elements, such as deutcriom intn heavier
clements like helium. In the process, a large
amount of energy is released. Since we have a
virtually unlimited supply of deuterium in our
oceans, wve have the potential of develoning an
unlimited energy sourc: for commerical power pro-
duction. This goal has encouraged research into
controlled thermonuclear fusion for the past
three decades. Most of that research has been
directed towards magnetic cornfinement fusion, in
which the hot dense plasza 1s confined in a
magnetic bottle and the energy is slowly (0.1 s
to 100 s) released. Excellent progress in that
approach has been recently made. Another approach
1s to compress and beat the fuel so rapidly that
it does not have time to expand, i.e., jt is con-
finpd hy its own fnertia during the 107° to
1077 s requircd for energy release. This
approach is called inercial eonfinement fusion
(1CF).

ICF is a power and encrgy intensive prncesg.
Powers of 14 ta 1077 vatts and energies of 10
to 10’ J are reguired. Until reccatly, the pro-
duction of the power and energy pulsc has been
well beyond the capabilities of any laboratory
source. However, technological advances in the
past threc years iandicate that lasers, clectron
beams, light ion beams, and haavy lon beams can
be constructed to provide the required nower and
energy for fusion. The developzent of an
accelerator technology that can produce the
necessary power and power density for ICF has
been the goal of the Sandia Laboratorles accelers-
tor development prograv. since 1%70. The program
has resulted in an accelerator techrology that
delivers electro—maﬁzetic power at 34 TW/sr and
is scalable to > 10" warts. The elements of the
acceleratoar technolagy are the basic energy stor-
age; module synchronization through gas dielectric
switching; high-energy-density pulse—formZng

*This work was supported by the U.S. Dept. of
Energy, under Contract DE-ACG4-76-DPCO789.

lines; shorr-pulse, water-diclectric switching,
and long, seli-magnetically insulated trapsnission
lines for power transpoert to the diode. Tre
systen is rellable and is sufficfently flexitle
to accommodate both electron and fon bean
gencration for ICF experimentn.

I11. POWER PRODUCTION

{nce the power requirements for I(F are
many times the worlds power production capabilitwy,
the encergy in these accelerators pust be slow!y
taken from the local power prid, stored iz a
large number of capaciters, anc then temporalty
compressed through the pulse forming network.

The temporal compression bridpes the 2ap between
the power consuzption at 4 x 8% W and the poser
production at ~ 10 % and is acco S h
modularization and synchranized switching. The
total accelerator has been divided into rodu
because the researeh and development costs are
then minimized, the reliabflity ix improved, and
scalability to larger accelerators i< assurec,
Each moudule of the accelerator technolopy is
designed to deliver 0.8 Tw of power for 35 ns at
a power density of 34 TR/sr. The modules are
svnchronized by a triggered gap switch so all
outputs can be simultanecusliv directed onto Lhe
target.

Each modulc produccs its power by the stapes
illustrated in Fig. 1. The energy is stored in
capacitors that are DC charged in parallel and
then connected into a serics configuration by
spark Raps, represented by S1. Such a pulse
forming network is called a Marx generator and is
represented by a charged rapacitor, an inductor,
a resistor and a switch as shown in Fig, 1.

Since the Marx is DL charged, the spacinps between
conductors are large to prevent electrical break-
dowg and cause the Marx inductance L to be large.
The larpe inducrance causes the cnergy transter
time to be ~ 60U ns.! The dicensions of the
pulse forming line (PFL) are dercrmined by the
desired output pulse duration and risetime.

Hater is an excellent dielectric for high powered,
pulse forming lines because of its high dielectric
constant and cost effectiveness. Its breakdown
strength and resistive losses are usually accept-—
abie if ine charge time is < 1l ys. The stray
capacities associated with trigger electrode
structures in water are verv larpe, and adequatce
trigger rystems require too much energy. The
switching of these state-of -the-art pulse forming
lines must _be accomplished with untrigpered water
switching. The intrinsic jitter in the electri-
cal breakdown process and the strong time
dependence of the electrical breakdown strenth
Epp of water determine the tisetime of the out-
put pover pulse. The 10 to 90 percent risetime
of an output pulse” of voltage Vo, Into a matched
iompedance line is a strong function of the charge
time and the voltage as shown in Figs. 2 and 3,
Since ICF targets require 10 to 3C ns power




pulses with reasonatle constant power levels, it
is very desirable to linit the risctim to
< 18 ns.

From Fig, 3 we sec that the | ps charge time
directlv availabie trom the Harx is ten slow.
Cnnsequent iv, a low ixductance transfer capacizor
and a tripuered gas switch S2 are used as shown
in Fig, 1. The single extra stage decreases the
charpe tizm on the PFL to ~ 28C ns, which ix
adeguate for Vo X 1.5 MV, as seen in Fig. 4.

The tripeered pas switch has a ros jitter of 1.6

ns and provides adeouate synchronization beteeen
modulev. The 1.5 MV output voltape is less than
the 7.0 to &8 MY accelerating ~oltage that is
desivatble for various clectron and light fan
specics, 50 transiormers and/or stacked line
techniques arc used to increase the output voltage.

This modular pulsed power system has boen
developed and has been tested on the Mite and
Hvdramite wndules at Sandia. In over four hundred
shots at full power, the technology has been
proven to be effective and reliable for generating
power pulses for fnertial confimement fusinn
particle accelerators.

V. POKER FLUW

The pulsc ferming network produces power at

densitye of ~ .3 Tw and a power per unit
o.i¢ anplc of 34 TWisr. The PFL is, thercfore,
located at a distance of 8 m from the target.

The target requires power deasities of 10° to 10°
Tk/m= su the power has te be spatially compressed
during transpert over B meters. The prohlem of
transpovting the power through the water, plastic,
vacuum interface, and vacuum dielectrics to the
diode is called the power flow problem, As the
power fiows throug- the elements of the “Power
Flow Chair” as shevm {n Fig. &, the elecramapnetic
power density mus! increase to ~ 107 W/m~. The
electromagnetic fower can then be converted intn
particie beam poser. Ar adgditional factor of

J0C i the focused power Jdensity is requred to
drive a targe: o ignition and ecay be achicved

by begr focusing anc muiti-beam overlap techni-
ques.”

Eack of these dielectrics has a characteris—
tic breakdown sirvnct) that limits the power
density through fL. as shuwn by the boxes in
Fig. 4. The weak link ip the chain is the vacuum
insulator, which has been the major obstacle to
achieving larpey accelerator output powers.
Recently, the power flow problem has been solved.
The low pover density of the vacuunm {nterface is
accommodated by using a very large arca of vacuum
insulator divided among many wodules. The
aprroack necessitates transporting the power ~ 7 m
to the target thr.ugh vacuum a3t electrical stresses
wany times the conventional breakdown levels. The
power transport to the vicinity of the rarget is
accomplished through self-nagnetically {nsulated
transzission lines (¥ITL) as shown schematically
in Fig. 5.

The seli-magnetically insulated flow in a
lang MITL is established in the following steps
as Irndicated in Fig. 6a—6d. When a voitage is
applied to the parallel plate transmission line
of impedance Z_, a TEM wave propagates down the
iine as shown In Fig, 6a. When the electric
field in_the line reaches 25 to 40 MV/m, explasive
caission’ gecurs om the cathode and a cathode
plasoa forms. A coating of carbon that is
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2y W% o thick with a surface resistivits o
107 (lrsq factlitates the formation ot a spatially
uniforr cathode plasma. The plasma becomes a
spacr charye timited source of clectrons which
are fnitially accelerated across the gap by the
clectric field, ak shown in Fiy. 6h, When tle
napnetic tield from the displacement curcent
density D and the electron loss current denstey
J; becomes sufficiently lorpe, the electroms
Lihind that point arc preventcd froo reackhing
thke anode apd are zagnetically fnscliated as
shown in Fip. 6¢.  Since the conductance Is
greater than zero in the loss reginn, the rigion
ef losg propaxates at a velocfiv less than ¢ =

3 x 10 afe.  Hehind the lossy front, the

pulsc propagates at c.

As discusned by Kataev,® the effect i
analogous to 5 shock wave {uw a gas. Since tha
shock velocity is Iess than the sound speed
behind the fronmt, the encrpy propapates to the
shock front and steepens the pressurc profile
until the width of the sheck front is determined
solely by the nature of the dissipative rrocess
in the front., Simtlarly, the power {low 1o the
lossy froni in an “electrvdapertic shock™  vauses
the voltage profile to steepen until it §s limited
by space-charpe-limited elcctron fiow in the
front. In the Mite oxperiments, the measurcd
riserime of the front was limized hv the rrequencw
response of the Ropowskii coif current oenitors
and the tecording oscillescepr to € I ns after
s1% meters of line. When the volrape pulse has
sharpened tn its scif-limited risetime, the struc-
ture propagates dowe the line as shown in

The structure of the fronr determine: the
ratio of the voltape and current hebiud thc
front and determines the sensitivity of the
electron flow to perturbatfons in the linc. The
struocture of the front has not hecn adeguatels
investipaled experimentally. However, the 2-1
electromgenetic PIC siszulations of Pourew ang
Bergeron® and the analytic thenry of Cordeev’
yield che following idealized cadel of the front
as illustrated ia Fig. 7. A woltage step, wiich
has sufficient amplitude to form the cathude
plasma, propagates down the line at the velocity
of c. Since the lossv fronmt propapates at a
vilacity U, < ¢, the duratien of this precursar
increaser with time.  In the Ieading edpe of the
lossy front, the space—charge-limited electron
emission loads down the voltage. Most ot the
loss current is Jost at a weltage of 3G to SC
percenp of V_, which is the voltage behind the
front. Both the magnetic field and the voltape
increase with increasing distance into the front.
Behind the loss region, the vacuum gap between
the electrop flow and the ancde increases with
increasing distance from the front., As the
electron flow recedes from the anode, the effce-
tive line impedance VL7C increases and the voltage
Increases to V_. The scale length over whiek
the loss occurs is several times the pap width.
Althoygh the measurements of loss gurrent den—
sity, ang fﬁff¥’5°r voltage® V"¢ and pulse
risetimes®: < are consistent with this model,
the data has not been adequate to verify the
details of the structure.

The detalls of the front structure are
important becausr they determfne the total current
I and boundary current Iy (i.e., the current
f’[oulng in the reral, negative electrode) :hrguEh
the MITL behind the front. The 1-T theoriesi> 1/
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have shown that the a continuum of solutions
exists for the total current {n a MITL at a piven
voltage. Each solutfon corresponds to a different
value of 1 /lﬂ and a different boundary to the
electron f our as illustrated in Fig. 8 for
parapotential!® fiow in a 2 M line of impedance
Z,. The correct solution of the 1-D flow is
determined by the 2-D flow in the front.

The experiments wlth short, self-limited
lines and long sclf-magnetically insulated llnes
have shown that the ratig Y{ Yg/l.zo is a
funcrion of the voltage.”' '+ these data are
interpreted in Fig. 9 through the parapotentiai
nodel ta vleld the ratio IT/IH and )Iu/d0 in
which X¢ is the thickness of the electron flow
and do is the vacuum gap. If Xe/do = 1, the
clectron flow entirely fills the vacuum gap and
the flow is called saturated. If X“/dO <1,
the flow is unsar ‘~ated and there is a vacuum
gap detweer the flow and the anode. The ratio
of X,/d, indicates the sensitivity of the
power transport to small perturbations in the
gap separation. If the flow i{s very close to
the anode, then small perturbations in the line
peometry mav cause the sheath te fluctuate and
part of the flow to be lost, The parapotential
model may not exactly describe the flow in a MITL,
for example, the I-D sisulations” show that the
sheath houndary is diffuse and is not discontin-
uous as the parapotential model rrquires. How-
ever, the location of the sheath bnugdistlggrgefe
with the model gnd, both experiGents’” R
and simulations” have shown sufficiently good
agreement with the model to justify the utilicy
of the model. We, therefore, conclude that the
higher voltage MITL 1s less sensitive to gap
tolerances and lipe perturbations, and efficient
transport jis more readily achieved at the higher
voltages,

After considerable develapaent of the
terhnalogy, approximately 100 percent power trans-
puct and 90 percent energy transport efficiencies
were achieved through a 6 @ long, gcl[-magne:i—
cally insulated transmission line. The success—
ful transport through the MITL completed the major
pulsed power technology required by research
accelerators for ICF.

Consequently, the tezhnology is bounded by
¥ < 1.5 MV for fast risetime water—dielectric
su;r.ching and ¥V > 1.8 MV for efficient power pro-
pagation through long self-magnetically insulated
trausmission lines. ilese two voltage Tequive-
ments are bridged by using a transforwer section.

V. PBFA 1

The first accelerator of this genevation is
PBFA 1, which is under construction at Sandia and
is shown in I'ig. 10. The accelerator consists of
36 iynchronized modules and wiil deliver 3 x
1013°W of power at 2 MV and 15 MA for 35 ns to
elcher an electron diode or ion diode located at
0.5 o from the target.

The operating sequence of each of the 36
modules begins with a 3.2 MV, 100 kJ Marx genera-
tor. The energv flows from the Marx into the
20 nF intermediate store capacitor in = 600 ns.

A gas insulated, triggered switch is then actuated
to transfer the energy from the intermediate storc
capacitor to the water-insulated pulse forming

line (PFL) in == 250 ns. Untriggered, wultichannel

switching in the PFL then provides a 50 ns duration

pulse with a 18 n6 10-90 percent risetime into
the output pulse tramnsiformer and .o the vacuum
insulater. After passage throush the vacuur
insulator, one of the most inductive components
in the accelerater, the power per unit areca
increased to 500 TW/m“ durirg transport throup
the magnetically insulated transmission iinc ro
the diode. The energy in the clectromagnetic
wave {5 then converted to particle beam encrpv

by a dlode. The particle beam is efther gulded
to the target by a magnetized plasaa coluzn,

which presents beap dispersion, or ballistically
focused to the target. Many beams are foraed

and then overlapied on the target to provide
further pewer concentratfon.

It is evident from Fig. 10 that PBFA 1
utilizes orly a smwall portion of the available
solid angie around the target. 1f the available
space vere utilized, 400 TW and 16 MJ could be
dire-ted onto a target with today's technolopy,
The accelerator can give experimental access to
the high temperature and high densf{tv catter
reguired for ICF and never before produced in a
laboratory. Research on the accelerator will be
directed towards developing the particle bear,
1CF aption for power production.

The high overall accelerator efficiency of
~ 25 per-ent and the low estimated cost of only
$40/) for a repetirively pulsed accelerator make
power production through particle bear fusion
attractive. The 1n:eg ation of the technolopy
into u power teactor,“” like the onc shown schema-
tically in Fig. 11, 1s directed towards the
development of an experimental power reacter in
the 1990°'s. The successful development of the
accelerator technnlogy for research into particlie
beaz ICF encourapes a degree of optimisc that the
remaining scientific and techrical problems
associated with an ICF reactor developzent will
be overcome.
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Fig. 4. The power flow chain. The chosen path
is shown by the dashed line.

Fig. 7. The structure of the frent fn o MITL.
o The voltage and loss current density are
shown in A and the clectron map is shown

TNy in B. The pulse visetime is ~ 0.3 ns.
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Fig. 5. Schemacic diagram of a ERF4 magnetically
insulated transmission line, . ¢ “

Fig. 8. The range of solutions of total curreat
1; and electron sheath thickness Xp in a
MITL with impedance Z,» gap scparatioa D
and voltage 2.0 MV from parapatential
theory. I4/1y Is the ratio of the total
and boundary currents,



Fig. 9. The ratlo of total current 1. to boundary
current I, vs voltage V has been inferred
from experimental data of L. (V). The
normalized sheath position }F/l) that
corresponds to l./1, 1s also shown. At
low voltages the electrons rill the gap.
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Fip. 11,

Schematic diagram of a fusion Teactor
Fig. 10, Schematic diagrem of FREA L. based on particle beam tusion.
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