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1. I-troduction implies low efficiency for energy transfer
— T T from the modulator to the beam. I a 1s high,
The success of linear induction ion accsle- variations in beam current can lead to an
ratcrs for accelerator inertial fusion (8IF) interacticn of nonm-relativistic beams with the
appiications [1] depends largely on inncva- cavity circuit, rescltirg 1in growth of the
tions in pulsed power technology. There are beam momertum spread.
tignt constraints on the accuracy of accelesra-
ting voltage waveforms tc maintain a low Computer PIC simu_aticns of bean transport
momertum spread. Furthermore, the non-telati- [2] (neglecting space charge effects and reac-
vistic ion oeams may be subject to a klystron- tlve compcnents of the cavity circuit; lead to
“ike interactior with the accelerating cavi- the conclusion trat the momentum spread for
ties [2,37, leading to enhancec mcmentum stable beam transport is relatec toc the dam-
spread. In this pacer, we descrite a novel Ping resistor parameter oy Ap /p, > a/(a-2).

nigh power switch with a demonstrated ability A typical rgguirement for mofienfum spread is
to  interrupt 300 A st 20 kv in less than 60 Ap /p, < 10 [4]. This implies small a anc an
ns. The switch may allow the replacement of enérgy transfer efficiercy of cnly 0.1 per
pulse modulators in linear irduction accelera- cent. In early AIF induction lirac conceptual
tcrs with nard tube pulsers. A power system designs, the beams had sirong longitudinal
basea on a hard tube pulser could solve the space charge forces that would courteract

longitudinal instability problem while main- bunching instabilities. Fecently, there has
taining high energy transfer efflciency. The been increased interest in multi-beam trans-
prooler of longitudinal beam contrcl in ion  POTE [5]. This approacn reducss trarsverse
induction linacs is reviewsd in Sesction 2. space charge forces to ald in ths preservation
Section 3 describes the principles of the of low transverss emittance. Jnforturately,
olasme flow switch. Experimental rssults are there is a corresponding cecreass in  locngitu-
summarized in Section 4. dinal space charge forces, 1increasirg the
susceptibility to longitudinal instabiiities.
2. Longitudinal instabilities in We have extended the model of Ref. 2 to
pulseline-criven, ion induction linacs include space cherge force in tne 1-D linmit.
- Computer studies to determine reguirements on
Linear induction accelerator gaps are typi- Pulsed power driving circuits for longitudinal
cally driven 5y a trarsmissicn line or pulse stability are underway.
forming networ<. <~he characteristic impedance
of ths modulator is matched to the parallel An effective soluticn zo ths problem of
combination of tre bszam and cavity danping longitudinal dynemics 1is the use of a nard
resistors to provide a constant voltage over tube pulser instead of a pulse forming net-
ths beam pulse. We dencte the damping resistor work. The hard tube pulser, illustrated in
impedance as a3_, where R_ is the beam impe- FIGURE 1, is & high capacitance tank cornected
dance. variatidns of oeam"current ars decoup- directly to the gap. The current drawr from
led from the cavity voltage when a is small. the bank in a pulse mskes a negligib.e change

This limit is not usefu. for AIF since it in the stored charge. The gap voltage is rela-
tively indepedent of the peam current; there-
fore, a damping resistor is unnecessary. The
D keystone of the «cilrcult is tne harc tube
— 7 (’\\ sw;t;h. It must be'capab%e 0F bcth clgszng and
\\/} opening the circult rapidly. Tne switch must

terminate current completely after the pulse;
otherwise, the erergy in the reservolr Bbank

will discharge as leaxage current thro.gh the
incuctive cavity. In relatively low power
apclications, the hard tube 1Is wusually a
vacuum tricde. Vacuum trioces have too righ an
impedance to be appiied tc ion incuction
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linacs. The switch must Pave a condacting-
state impedance less than 1 € in order to
mairtain the stability of a beam with low

1. Hard tube pulser. A) HY power scurce, B) MOMENTUM spread.

Isolation =resister, C) Capacitor bank, D7
Jpening-closing switch, E) Inducticn cavity
leakage circuit, F) Beam load.
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3. Plasma flow switcn

The switch tha® we deve.oped utilizes elec-

tror conductior through a plasma filled gap.
Therefore, 1in the conducting state, the vol-
tags drop across the switen is small. Electron
flow is controlled by a biased gric. In con-
trast tc devices such as the thyratron and

tacitron [6], there 1is no static gas fill.
Plasma is generated external tc and indeoen-
dem* a' the oower gad. The plasma flow switch
is Zlustrated in FIGURE 2(a). A controlled

ec plasma source is activatec a few micro-
T off-state,

p

szconns  cefore switehing. in tre

t~e control grid is biasec negative with res-
psct to tne ratwodh. As shown in FIGURE 2{(b),
p electrons cannat pass through the con-
The izns that penetrate the grid
Electron flow 1is
potential to

grid.
ca“not c¢rass to tne anode.
initiated by clamping the grid
that of tre cathcde :  subseqguently, plasma
the power gap and electrons are drawn
The switch reaches its low impe-
in the time it =zakes plasma 1o
expand across the gap (~" ws). Power flow is
terminated ty pulsing the grid negative,
excloding electrons from the power gap. The
switzh returrms to high impecance after plasma
is cleared frcm the gap; because of the nature
of plasma erasion, the opening time can be
A complete treoretical

entars
to the anods.
dance states

quite rapid (=30 ns).
treatment of <the plasna flow switch is
included in Ref. 7.
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2. Flasma flow switch. a) Schematic view of

electrodes. ©) Particle flow anc electrostatic
potentisgl in of“-state.

4. Experimental results

The experimental zpparatus is illustrated
in Fig. 3. Three surface spark sources (des-
cribed in Ref. 9) were driven in parallel by a
low inductance capacitor bank. They generatzd
a 5 pus plasma pulse. The plasma flux could te
adjusted by wvarying <the distance of the
sources from the switch. At a 10 cm spacing,
measurements with & Langmuir probe ano 1icn
Tlux prote at the control grid ?how ed,that the

plasma had a density of 3 x 10 cm “° and  a
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directed ion velocity of 2 x 10° cm/g.  The
avallable =zlectron flux wes ~10 A/cm™. The
shot-to-shot flux reprcducibi_-ity was ~% per

cent. The grid voltage was normally clamped to
the cathode pctentisl through a 7% Q resiszor.

After predetermined conduction time, electron
flow was extinguisned by a negative pulse on
the grid, typically -400 V. Thz grid pulser
had a risetime of 14 ns. The pulser could be
configured to generate egit-er a long pulse (~8
us) or a 200 ns square zulse with a 20 ns

falltime. The width of t-e gap betweer th
contrecl grid and ;OLlELtVI could be varled,
spacings from 1 cm to 3.5.,cm wers used. The
ancoe had an area of 55 cm The osower circult
consisted ¢ cagacitor

si ) chargsd to
+0-20 kv in series with a 50  resistor.
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3, Experimental apparatus. A) Three surface
spark plasma scurces, B) Plasma expansior
chamber, C) Cathode grid, D) Ceramic stand-
offs, E) Control grid, F) Anoge, G) Vacuum

insulator.

A series of tests was carriec with the 200
ns grid pulse The intent was to observe
features of bozn the opening and closing
phases of the switch. An oscillograph showing
current caonduction through the switch at an
open circuit voltage of 12.5 kV 1is reproduced
in Fig. 4. The upper trace displays long term
current variations, while tne lower trace is
an expansion near the switching time. The
plasma reaches the switch 2.5 ps after initia-
tion of the sparks. The time to rteach full
circuit current is determined by the risetime
of the plasma flux and the time for plasmas to
fill the power cap. The voltage on the switch
drops almost to zero 1 ws after tne arrival of
the plasma; subsequen~tly, the current 1is
limited by the series rssistor. When the grid
is pulsed, the current drops from 223 A to 18
A in 55 ns while the voltage rises from +0 to
12 kV. The treoretical model of Ref. 7
sredicts an  opening time of 18 ns for an
instantaneous ¢rid pulse. The longer observed
time is probanly causec by the cisetime of the
grid pulser anc grid lcading immedistely after
switching. The residual current In the off-
state represerts ion conduction a&cross the
opening vacuum gap. The mcdel of Ref. 7
predicts an ercsion shszath wicth of C.85 cm at

200 ns after switching; tre spsce charge
limitez icn czurrent at 12 kv for this gap
width is 3 A, consistent with the measured
current.
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Corduction is resumed at the termimation of
“ne grid pulse. The cu-rent abruptly rises to
130 A and ther afproaches the circuit limited
cdrrenr after a time lapse of ~303 ns. The
initial currert rise 1s consistent with space
crnargs  limited bipolar electron flow from the
grid across the 0.85 cm vacuum gap at 5.8 «V.
Tne <switch impedance approaches zerc after a

delay during which plasma expands 1inta the
vacuumn regicn of tne switch. The predicted
plasma drift <time 1s 400 ns. Tre switch

currert has opeen successfully extinguished for
a shcrs pulse at open circult veltages to 20
kv and currents to 300 A. This represents a
pcwer flow of 6 MW for 3 ms be“cre switching.
As oredicted by theory, the behavicr of the
switch is almost unaffected by changes in the
grid-coilector gap width.
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L, Switcm current, short extinction
Top: Long term current, 1 wus/div.

Expansion of regian shown, 200 ns/div.
Ky opan circuit voltage, -400 Vv on grid).

pulse.
Bottom:
(12.5

Wwith a long gric¢ pulse, switch current
coulc be comnpletely terminated. In this case,
the circult actecd as a hard tube pulser. Gene-
raticn cf a 3.8 wus, 250 A, 12.5 kV pulse
across the 5C Q _oad i1s illustrated in Fig. 5.
In tre expanced view, note the long term decay
of icn current following switching. The decay
time is consistent wlth the predicted plasma
clearing time [7] of 0.5 us. Also note ‘tha:
for the case shown the current is reinitiated
after switching wultimately leading to dis-
charge of the caoacitor. This wundesirable
effzct could result from the falling voltage
of the grid pulser or electron emission by
bomcardment o©of thes grid oy energetic 1ions.
Reinitiation of current does not occur when
the open circuit vaoltage is reduced to 10 kv.
We sxpect that the voltage range of the switch
can be extended by 1) improving the grid
pulse, 2 actively initiating current flow in

the switeh, and 3) terminating plasma flow
soor after switch opening.
5. Corclusions
cxperimental results on the plasma flow

switch are encouraging. Tne small demonstra-
tion model zlready has the capapility of con-
trolling power levels of interest for 'linear
induction accelerators. Extrapolation to
higrer current levels involves a straightfor-
ward increase in the size of the device. £ 10
k& switch at the same current density requires
a collector radius of 21 cm. The low Jitter
ard active command of the plasma flow switch

makes it possible to gang units in parallel.
Operation of the switch Is in unusually good
agreement with thecry,; t-erefors, extrapola-
ticns can be made wizh confidencz. We have not
yet observed a failure of the switch to extin-
gulsh current. We ace presently improving its
lang term holdoff ability at high voltacge. The
switch compares favorably with alternate tech-
nologles [10]. Tne pulselength and power flow
figures guoted in this paper are comparable to
tacitrons; the av/dt achieved by the plasma
flow switch is an order of magnitude higher.

We would like to thank H. Rutkowski and D.
Wilson for their suggestions. This wark was
supported by Los Alamos Naticnal Laboratory.
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