Introduction H
- i

~Repet1:!ve1y pulsed diodes will be required for most of
,the proposed inertially confined fusion systems, yet
{1ittle information is available on the opezatio&_gf
{vacuum beam dicdes uader repetitive conditions.

:Most data are relevant to laser exciter/susniner
,dicdes operating at low current density (< 1 A/cn )

-for long pulses, As such they are of margiral value
for estimating the propertics of repetitive high current
denuity diocdes such as will be required for particle
benn and some gas laser fusion drlvera.

'Tu examine _*he operation of high currenc density d.iodns
"(~1 kA/cn®) at moderate voltages (200-350 kV), data
ihave been obtained from a small axea (~ 20 cm’ ) bean
from a giode attached to the RTF-I high voltage .
.pulser.” RIF-I uses a transformer—-driven, oil insu-
lated, 10 f] coaxial pulse forming line (PFL) to pro-
‘duce 350 kV, 30 ns pulses at a maximum rate of 100 Hz.
‘the space charga limited diode fmpedance is .
_ Larmr a2
v A H

-where 2 is In olms, V i wegavolts, d 18 the A-K (ancde~
-cathode) gap spacing and A 15 the beam area. For
,Z2= 104, ¥ = 0,25 MV, d/r (r i8 the radivs of the
:yl!ndricul beam) is 0 2. Typlcal A-K gaps are 0.36
‘ro 0.5 cm with cathode radii being 1.8 and 2.5 em.
+each case the A~K gap was adjusted to give resonable
;dupedance match to the PFL. Diode current was measured
'uth a low inductance 0,124 1 shunt (CVR), Voltage

jwas measured with an integrated d¥/dt monitor (a capaci-
'tivc voltage probe with a spoll resistance leading to
ground) and with a resistive divider mounted in the
‘-nnular water resistor shown in Fig. 1. This annular
iTesistor served the dual purposes of monitoring and
.prepulse puppreseion. The dual-resonance charglag of
{the PFL in RTF-I produces a 5.6 us bipolar charging
'uavoform. Thus prepulse can be a severe problem and a
.ruthu_r low resistance (typically 50 to 150 1) is needed
‘n parallel with the diode =t emall A~K spacings to
prevent premature plasma formation resulting in a
‘mhorted diode. Sinece a significant amount of power is
{deposited in this prepulse receistor it must be cooled.
iTep water (resictivity 2000~3000 fl-cm) proved to be a
yconvenicnt resistive mediun as it may be freely dis~
charged to dissipate the heat load., The anode for nll
runs was a 0.3 ea thick zluminum plate backed by a
iwater jacket. Aluninum vas chosen bt cause its rela-
‘tively high specific licat capacity and thermal conduc—
+tivity more than offsct its low melting point in deter-
z-!nlng naximum allowable bean loading.

(1)

In

Results

Data are preaented from three runs of more than 10,000
consecutive shote each. Consecutive is understood to
weon without rajor diode repairs or modifications.

All of the runs were suspended at intervals to inspect
the diode or perform other testes as detailed below. ‘x
Figure 2a shows data from a 27,000 shot run at 500 k¥ !
on the RTF-I PFL, A 3.5 cm dismeter cathode with

crosp hatching to provide somc field enhancement wag
found to producc a reasonsbly uniform beu- Figure 3
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Dlagram of the RTF-I diode.

Fig. 1.

shows this type of cathade. Although it does not
produce the perfectly uniform cylindrical beam which is
the basis for the space charge limited flow equation 1,
the overall impedance follows that equation well as
11llustrated by the horizontal dashed lime on the
experimental waveforn in Fig. 2a. After the diode tumn
on phase (the falling impedance regfon) the diode
iopedance curve flatteas ouk near the theoretical velue,
‘This fopedance waveforn was caleulated from the current
and voltage waveforns of Fig. 2b. These were taken at
a repetition rate of 20 Bz, each trace being a composite
of approximately 10 shots. The shot-to-shot stability
of RIF-I and its diode is apparent. In addition, since
the two scts of traces were taken approximately 5000
ahots apart, their similarity indicates a long term
atability. i
During this 17,000 shot run 4000 events were taken at '
o rate of 10 Hz or less, 5000 at 20 Hz, snd 8000 at

30 Hz. The run was tcrminated by multiple arcs across
che diode vacuun interface on the oil side, probably as
the vesult of air bubbles. The interface ruptured
destroying diode vacuum. At this point the anode was
atill intact although considerable mass had been rcmoved. -
Most wac deposited on the cathode immediately opposite
:r.ha damage site, but a fine aluminum powder was deposited
throughout the vacuum diode. These deposits did not
adversely effect the diode performance to an observablc
degree.

To further examine the effect of this debris another
run with equivalent elecctrical parameters was per=
formed. During this run a computer based waveforn :
analysis system was introduced which monitored the
curreat and veltsge at’4 ns time fntervals and coaputed .
the fmpcdance for all ghots, thus allowing charges in
operating parameters to be carefully followed. This
Tun lasted 20,000 shots at a repetition rate o’ 10 Hz.
Failure followed & puncturc of the anode, which is
shown in Fig. 3. Arcing in the region of the puncture
18 responeftle for thc majority of the damage scan;
however, there is8 a lartice of damage spots on the
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Fig. 2. a. Impedance waveform 17,000 shot run. !

b. VYoltage (left, 160 kV/div.) and current
{right, 8 kA/div.), 20 ne/div.
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Anode (left) and cathode (right) 20,000 shot
Tun.

oMy

Tl
\Fig. 3.

‘anode opposite the heavily domaged region. These were
_observed to have occurred halfway through the run.
‘This lattice mirrors the cathode crosa hatching and
{iudicates the formation of beamlets at the corners of
ithe cathode structure. These beamlets do not diverge
Isignificantly in crossing the A-K gop ¢s the damage
ispots are small compared to that spacing. The outer
Ibeamleta are bent inward by the self-magnetic field of
Ir.hu total clectron beam and penctrate into the anode
jat their angle of imcideace whicl ic approximately 35°
i to the normal, This {5 illuatrated by the ncedle
'mounted in one of the beanlet holes in Fig. 3. These
: beamlets result in a nonuniforw loading of the anode
’vhlch explains its rapid destruction. Nevertheless,
:as the anode naterial is being deposited tbroughout
ithc diode, the cperating characteristica are rcmaining
Irelativnly unchanged. A series of data points streteh—
|ing over the entire run are shown in Fig. 4, Note
!:hat voltage, current, and impedance remain stable
until virtually the end of the run at which point the
{diode shorts. The first triplet of waveforms show

tthe voltage, current, and impedance for most of the
!run. The middle set shows the last 43 stable events.
l'rhe 43 events of the lowest 3 traces indicate a mearly
short circuit condition. The run was stopped manually
|3 shots later, the final 3 shots being corpletely short
lch’cultcd. Clearly the ¢iode vremaina stable prior to
‘its catastrophfc failure., Becausc the lowest three .
waveformg are an average over 43 events, it is possible
that the waveforms remain stable urtil the anode
‘:upturc! destroying the vacunum and that these waveEorns
deviate from the norm because they average good shote
i"“h short circuit evenis. '
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'l-‘ig. 4. Computer waveforns from 20,000 shot tun.

" For studies of stability over a longer term, it was

necessary to produce a more uniform and diffuse beam.
The larger (2.5 cm diameter) cathede with rings (to
avoid the corners that form beamlets) pictured in

Fig. 5 was used with an A-K spacing of 0.4 em. 1In this
geometry a data sample of 157,000 shots was taken at
450 kV on the PFL. The sample contains 20,000 shots at
10 Hz, 87,000 at 20 Hz, sad 50,000 at 33.3 llz.
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Fig. 5. Anode (left) and cathode for 157,000 shot run.
Anode damage, alsp illustrated in Fig. 5, was found to
be insignificant at rates below 30 Hz. After 50,000
shots at 33.3 Hz there was just sufficient damage to
zeplicate the cathode pattern on the anode.

That diode parsmeters do change during the course of

so long a run is fllustrated in Fig. 6. Voltage,
curreat, and iupedance waveforms are prescuted which
are averaged over the nuober of shots given in the
fipure. Theee are online data, conscquently, it is
aopossible to determine which shots were analysed. The
nunber in parenthesais is the last shot of the analysed
data. The upper and middle triplets of waveforns are
aeparated by 15,700 ahots, an interval sinilar ta the
totnl interval of Fig. 4. They illustrate the diode’s
stability over a run of this duration. The repctition |
rate in this csse was 20 Hz. !




L)

! o (r-“n‘v’}anl) (nﬁ‘.‘.‘}.‘l..) (llls-t:‘/.:.l‘:)

I'g '
Fo- - - 1

I e

‘ “— — -

| .
Lo - - W

i .
! .
| .- . .
i

[ - — .
; l(’:l's")
S - -

: Ll "r—zj:l -

i ¢ 2 w 0 20 &8 1] 2 a« ¢
, nwt {xsic) i
'Fig. 6. Ouline vaveforas froa 157,000 shat run. '

.
Going to the third triplet of waveforms 89,000 shots
later, the initial voltage spike, duriog which the
pulse freo the RTF~I PFL reflects froo a poorly
enitting cathode, bccomes larger, indicating that the
cathode plasma is beconing increasingly harder to forn.
. The flat portion of the voltoge pulse disappears and a
‘large current appears late in time, This cureent is
‘due to the voltage reflected froa the diade early in
time vhich re-reflects from the tranaforner end of the
RTF-I PFL and wpon rcturning to the dicde Finds the
ecaltting cathede plasna well forned. The impcdance at

.the cad of the pulse reraina a constant 16 fl. As the

-cathede nges, cost of the PFL energy still gocs to form

:bears but later in tize than was the case before cathode

‘aging.

:The cathode pay be returned to its original condition
iby o light surfave coat of diffusion puomp oil.

'Figurc 7 chows two single ahots following ofling of an
1aged cathode. Shot onc is typfecal of an aged cathode
.whereac two 18 typlcal of a ncw cathode. Apparently
*for the first shot the oll acts to surpprecss cmission,
. It is speculated that after the first shat the oll i
jcorbonized which enhances cathode cnmission for the

| subscquent tvo shoto. Coating the cathode with graphite
jioprovas ite perfeymance, but the coating ages rapidly.
: A graphite bleck cathode emits quite well, buc its
irelatively high elactrical and thernal resietivitica
‘1ead to trouble an rcpetitively pulscd operation.

1
} Concluaions |

+ In conclusion, 1t kas been shown that clectron beanm

i diodes can have opeating lifetimes of at 1l:nsg 150,000
i ghots and projected lifctimes jn cxceces of 10° shots
‘while operating in a 1200 Afcw’ regice ar 250 kV and
30 Uiz, Dicde RMS atability fe no worse tham $ percent
! #ur short runs of 20,000 shots but opcratfag paraccters
'can vary over longer runs as the cathode slovly becozes
a poorer caltter. TIntroduciion of carbon on the cathode
{will return {t to 1t original operating condition.

{ cathode changes rrault from a slow aping procesa and
from accummulation of anode blow off, These two

biede recovery afrer oiling, voltape (upper
trace, 90 kV/div,) and current (3.8 kv/div.),
20 ne/div.

Fig. 7.

processes may be related. Provided blow off doee not
Tesgult in catastrophic dawage, under the conditions of
these experiments cathodes remain stable for tens of
thousands of shota. It remains to be scen 4f these
conments also apply to less roburst cathedes, such as
the highly field enhanced foils vocd to generate low
cuxrent density beams used to excite or sustaln ges
lasers.

Acknovledgenents

The author wishes to thank G. J. Rohwein vho collabo-
rated with him in the deve:..ment of RTF-1 and who,
together with K. R. Prestwich, has provided valuable
assistance and advice throvghout the experiments dis—
cugeed. Mr. J. P. Corley bas becn responsible for the
operation-of RTF-1 and hls assistance was crucial in
obtaining thece dsta.

Refereaces

A. 5, Denholm, W. A. Fruitger, &nd S. V. Kablo,
“Large Area Siegle Gap Elcetrom Accclerators and
Thelr Voltage Performance™, Proccedings of the 8th
Int*l. Symposium on Didcharges aud Electrical
Insulatian in Vacuum, Albugq., ¥M, paper F5, 1978,

1.

G. K. Loda and D. A. Meskan, "Repetitively Pulsed
Elcctron Beam Generator™, Proccedings of the Int'l,
Topical Conf. on Electron Beaa Res. and Tech.,
Albug., MM, 1975.

2.

€. Edvards, M. D. Hutchinson, J. C. Martia and
T. H, Stortr, "LARK~-A Hodest Repetitive Pulee
Gencrator™, AWKE Roport SSWA/JCM/755/99, 1975.

3.

4, 1. Boscolo, G, Brautti, R. Colscon, H, Leo and

A. Luches, Rev, Sci. Ianstr. 46, 1535 (1975).

H. T. Buttram and G, J. Rohwein, “Operation of a
300 kv, 100 kA, 30 kW Average Fower Pulscr”,

Peoc. of the 1Jth Pulae Power Modulator Cyapastum,
Buffalo, NY, (1978).

5.



